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Abstract
With the growing amount of production and application of engineered nanoparticles, concerns
are raising regarding the fate of the potentially toxic materials in the environment. In order to
assess the potential of engineered nanoparticles for migration in soils and aquifers, an experi-
mental study and subsequent mathematical modeling were carried out with the objective of the
qualitative and quantitative description of the transport and deposition processes of engineered
nanoparticles in water saturated soils. In column experiments the effect of physicochemical pa-
rameters, such as flow velocity and chemical composition of the soil solution on the transport
and deposition behavior of the nanoparticles was examined in glass beads, a loamy sand soil
and a silty loam soil. Flow field-flow fractionation (FlFFF) was implemented as a technique to
characterize the nanoparticle samples prior to and after the soil passage, in order to detect the
particle concentration and changes in the particle size distribution. For some selected exper-
iments the distribution of nanoparticles deposited in the porous media columns was analyzed
to obtain further information on the deposition behavior. With this experimental setup it was
possible to produce reproducible data for engineered silver nanoparticles (AgNPs), while it failed
for titanium dioxide nanoparticles (TiO2NPs), for which no reproducible measurements could
be performed with FlFFF.
The transport experiments showed that AgNPs were relatively mobile in glass beads and loamy
sand at higher flow velocities and at low to medium concentrations of monovalent cations. The
transport was strongly limited at lower flow velocities, which indicates the dominance of dif-
fusion, the most relevant transport mechanism for particles < 1 µm, over advection at low flow
velocities. At higher concentrations of monovalent cations or in the presence of divalent cations
the transport of AgNPs in loamy sand was also strongly and at higher concentrations of divalent
cations completely inhibited. This can be explained by the compression of the electrical double
layer resulting in decreasing repulsive interactions between nanoparticles and soil surfaces. In
silty loam no breakthrough of AgNPs could be observed, which can be explained by mechanical
straining due to small pore size, enhanced physicochemical filtration due to increased specific
surface area or the soil composition. While the transport behavior in loamy sand was almost
conservative in the absence of cations, it showed a time dependent increase of the transport of
AgNPs under all further experimental conditions, which manifested in a late and asymmetrical
rise of the breakthrough curves. This observation was confirmed by the mathematical modeling
and it can be related to the filling of a limited amount of attachment sites and the subsequent
increase of the transport. The measurement of the particle size distribution of AgNPs before
and after the transport experiments indicated in almost all cases a decrease of the particle size
distribution after soil passage, suggesting the selective filtration of larger AgNPs.
The results from the experiments and the mathematical modeling indicate the possible mobility
of AgNPs in relatively coarsely grained porous media under certain conditions. Since these media
are also relevant aquifer materials that play a role for drinking water supply in many regions of
the world these conditions should be carefully investigated in future research.

Kurzfassung
Mit der steigenden Produktion und Anwendung von ku¨nstlichen Nanopartikeln wa¨chst die Sorge
bezu¨glich des Verbleibs der potentiell toxischen Materialien in der Umwelt. Um das Potential
der ku¨nstlichen Nanopartikel zur Migration in Bo¨den und Aquiferen zu erfassen, wurde eine ex-
perimentelle Studie mit anschließender mathematischer Modellierung durchgefu¨hrt mit dem Ziel
der qualitativen und quantitativen Beschreibung des Transport- und Retentionsverhaltens von
Nanopartikeln in wassergesa¨ttigten Bo¨den. In Sa¨ulenversuchen wurde der Effekt physikochemis-
cher Parameter, so wie Fließgeschwindigkeit und chemische Zusammensetzung der umgebenden
Lo¨sung, auf das Transportverhalten der Nanopartikel in Glasku¨gelchen, einem lehmigen Sand
und einem schluffigen Lehm untersucht. Fluss Feldflussfraktionierung (FlFFF) wurde als Technik
zur Charakterisierung der Nanopartikel vor und nach dem Transport durch die Bo¨den imple-
mentiert, um A¨nderungen in der Konzentration und Partikelgro¨ßenverteilung zu erfassen. Fu¨r
einige ausgewa¨hlte Experimente wurde im Anschluss an den Sa¨ulenversuch die Verteilung der in
den poro¨sen Medien abgelagerten Nanopartikel untersucht um weitere Informationen u¨ber das
Retentionsverhalten zu erhalten. Mit diesem Versuchsaufbau war es mo¨glich reproduzierbare
Daten fu¨r ku¨nstliche Silbernanopartikel (AgNP) zu erhalten, wa¨hrend fu¨r Titandioxid Nanopar-
tikel (TiO2NP) keine reproduzierbaren Messungen mit FlFFF durchgefu¨hrt werden konnten.
Die Transportversuche zeigten, dass AgNP eine relativ hohe Mobilita¨t in Glasku¨gelchen und
lehmigem Sand bei ho¨heren Fließgeschwindigkeiten und geringen bis mittleren Konzentratio-
nen monovalenter Kationen aufwiesen. Bei geringen Fließgeschwindigkeiten war der Transport
hingegen stark limitiert, was auf die Dominanz von diffusivem Transport, dem wichtigsten Filtra-
tionsmechanismus bei Partikeln < 1 µm, u¨ber advektiven Transport hinweist. Auch bei ho¨heren
Konzentrationen monovalenter Kationen und bei geringen Konzentrationen divalenter Katio-
nen war der Transport von AgNP in lehmigem Sand stark und bei ho¨heren Konzentrationen
divalenter Kationen vollsta¨ndig gehemmt. Dies kann mit der Kompression der elektrischen Dop-
pelschicht durch die Kationen erkla¨rt werden, welche zu einer Abschwa¨chung der repulsiven
Interaktionen zwischen den AgNP und den Bodenko¨rnern fu¨hrt. Auch in dem schluffigem Lehm
konnte kein Durchbruch der AgNP beobachtet werden, was durch mechanisches Sieben der AgNP
in kleinen Poren, versta¨rkte physikochemische Filtration durch die erho¨hte spezifische Oberfla¨che
oder die mineralogische Zusammensetzung des Bodens erkla¨rt werden kann. Wa¨hrend das Trans-
portverhalten der AgNP in lehmigem Sand nahezu konservativ in der Abwesenheit von Kationen
war, machte sich unter allen anderen untersuchten Bedingungen ein zeitabha¨ngiges Ansteigen des
Transports bemerkbar, welches sich in einem spa¨ten, asymmetrischen Anstieg der Durchbruch-
skurven zeigte. Diese Beobachtung konnte durch die mathematische Modellierung besta¨tigt wer-
den und ist durch das zeitabha¨ngige Auffu¨llen einer begrenzten Anzahl von Depositionspla¨tzen
an den Bodenko¨rnern und das gleichzeitige Ansteigen des Transports bedingt. Die Messung der
Partikelgro¨ßenverteilung der AgNP vor und nach den Transportversuchen zeigte in fast allen
Fa¨llen einen Ru¨ckgang der Partikelgro¨ße nach dem Transport durch den Boden, was auf eine
selektive Filtration gro¨ßerer AgNP hinweist.
Die experimentellen und modellierten Ergebnisse weisen auf die mo¨gliche Mobilita¨t von AgNP in
relativ grobko¨rnigen poro¨sen Medien unter gewissen Bedingungen hin. Da solche Medien auch
relevante Aquifermaterialien darstellen, welche eine Rolle in der Trinkwasserversorgung in vielen
Regionen der Welt spielen, sollten diese Bedingungen in zuku¨nftiger Forschung weiter erforscht
werden.
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1
Introduction
Nanotechnology bears the potential of becoming the key technology of the new century. The
benefits for the society are promising. Food safety is increased by nanoparticles in packaging
materials, the spread of harmful bacteria is stopped by silver nanoparticles, titanium dioxide
nanoparticles in sunscreen may decrease skin cancer or reduce air pollution when applied to self-
cleaning facade coatings. Carbon based nanomaterials are the basis for ultra-light and extremely
strong new materials and zero valent iron nanoparticles injected into contaminated aquifers allow
efficient groundwater remediation. Due to the higher efficiency of nanoparticles compared to their
bulk counterparts the consumption of raw materials will be decreased through nanotechnology.
However, on the other side nanoparticles are potentially harmful for the environment and the
human health and the release of nanoparticles into the environment during the products life cycle
is believed to be inevitable. The crucial point about nanotechnology is that at the nanoscale,
which is the scale between 1 nm and 100 nm or one billionth of a meter, the properties of materials
change. Compared to their bulk counterparts nanomaterials may, for example, show enhanced
reactivity, conductivity or chemical stability giving the material novel and unique properties.
There is the concern that adverse effects for humans and the environment might arise or be
enhanced by the nano effect in a way that can hardly be predicted. In order to ensure a
sustainable development and application of nanotechnology, the risks of this new technology for
humans and the environment have to be carefully investigated and evaluated. The risk of a
hazardous substance can be defined as a function of toxicity and exposure (Klaine et al., 2012).
To evaluate possible exposure scenarios for individuals and the biota, it is important to identify
transport pathways within and transfer pathways between the environmental compartments air,
surface waters, soil and groundwater (figure 1.1). In this task nanoparticles pose particular
challenges to scientists. This is partly due to the different behavior of particles compared to
the behavior of ”conventional” contaminants or chemicals that usually occur in the dissolved
form. Standardized tests and methods for evaluating the toxicity and environmental mobility of
chemicals can therefore not readily be applied to nanoparticles, which are, for instance, not stable
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Figure 1.1: General model of contaminant transport in the environment.
in the standard test media. On the other hand, the standard analytical techniques are often not
suitable for the comprehensive characterization of the relevant properties of nanoparticles, which
comprise the chemical properties, such as the concentration, as well as the physical properties,
such as particle size distribution, aggregation state or surface charge (Von der Kammer et al.,
2012).
Although nanomaterials are already widely used in consumer products, most countries have not
yet established regulatory instruments to control or restrict the use of potentially hazardous
nanomaterials. In the European Union for example chemical substances are regulated through
the Registration, Evaluation, Authorisation and Resctriction of Chemicals (REACH) guideline.
Engineered nanoparticles are often not considered in REACH, because the production tonnage
is below the threshold above which manufactured or imported substances have to be registered
(> 1 t) or a chemical safety report is required (> 10 t). The European Parliament has already
claimed a revision of the regulatory framework (European Parliament, 2009) and a working
group stated that the toxicity and mobility in the environment of nanomaterials are still not
sufficiently understood (European Commission, 2012). This demonstrates that fundamental
research regarding the environmental implications of nanotechnology is urgently needed to make
the adaption of regulatory instruments possible and to ensure a safe and sustainable use of
nanotechnology.
Regarding the fate of contaminants in the environment soils play a crucial role. On the one
hand, soils have a filtration function, protecting drinking water resources from contaminants
that can enter the groundwater via the seeping water. Many shallow aquifers that are used
for drinking water production are composed of unconsolidated soil material. Soils are also used
for the filtration of surface waters in bank filtrate processes, a technique commonly applied in
Germany for the drinking water production. On the other hand, soils serve as irreplaceable base
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Figure 1.2: Number of studies on the fate and transport of engineered nanoparticles in the environment
published between 2004 and 2013. Data source: International Council on Nanotechnology (ICON) nano-
Environment, Health and Safety (EHS) Database (International Council on Nanotechnology, 2014).
for the cultivation of food. Contaminants emitted to soils might be taken up by crops and either
inhibit crop growth or enter the food chain. The disruption of communities of soil organisms by
contaminants may lead to yield reductions and to the disturbance of local and global material
cycles. Depending on whether nanoparticles will be transported through the soil or deposited
there, this might have negative consequences for humans and the environment in any scenario.
Either pathway has to be quantified in order to assess the possible exposure of individuals.
Already in the beginning of the new century, shortly after nanotechnology was ready for com-
mercial use, scientists were asking for the investigation of the implications of nanotechnology
for humans and the environment (Colvin, 2003; Swiss Reinsurace Company, 2004; Krug, 2005;
Wiesner et al., 2006). In 2004 first studies about the transport behavior of nanoparticles in water
saturated porous media were conducted (Lecoanet & Wiesner, 2004; Lecoanet et al., 2004), more
studies followed soon (e.g. Brant et al., 2005; Jaisi et al., 2008; Wang et al., 2008). Figure 1.2
shows the number of publications dealing with the fate and transport of engineered nanoparti-
cles in aquatic, soil and atmospheric ecosystems, which sum to 630 publications between 2004
and the end of 2013. The quantity of respective publications increased steadily, indicating a
progress in this field of research. However, the increase seems insignificant when taking into
account the rapid development of nanotechnology and the frequently growing number of newly
developed nanomaterials and consumer products containing nanomaterials. In fact, there is an
alarming discrepancy between funding for innovation research for nanotechnology and funding
for environmental implications research. According to Klaine et al. (2012), between 2005 and
2011 in the United States of America less than 5 % of the total funding for the development of
nanotechnology have been spent for the investigation of environmental, health and safety issues
related to nanotechnology.
It is worth notifying that especially the early studies show significant shortcomings regarding
the experimental methodology, which is probably due to the scientists lack of experiences with
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particles as contaminants (Klaine et al., 2012). Additionally, most studies neglect the use of
adequate analytical techniques allowing a thorough characterization of the nanomaterials and
the adaption of standard tests to meet the special requirements of particulate contaminants (e.g.
Hotze et al., 2010b; Klaine et al., 2012; Von der Kammer et al., 2012). With particular empha-
size on the investigation of the transport and deposition behavior of nanoparticles in porous
media, one major shortcoming is that in many experimental studies only artificial porous media
were considered under well-defined laboratory conditions. The significance of such experiments
regarding real natural systems is questionable. Recently, more relevant studies were carried out,
where nanoparticle transport was investigated in natural porous media (e.g. Cornelis et al., 2013;
Fang et al., 2009; Jaisi & Elimelech, 2009; Liang et al., 2013a; Sagee et al., 2012) or where the
physical state of the nanoparticles was considered in the analytical methodology (Lin et al., 2011;
Taghavy et al., 2013). Thus, the relevant research is just commencing. Much more information
and data is needed in order to be able to evaluate and quantify the probability of a nanoparticle
exposure via the soil path.
This work addresses two major objectives regarding the evaluation of the transport and de-
position behavior of engineered nanoparticles in soils. First, the mobility of the most com-
monly used nanoparticles, silver nanoparticles (AgNPs) in water saturated porous media was
investigated with the help of experimental and mathematical models. Transport experiments
were carried out with glass beads as an artificial reference medium and with two local natural
soils under environmentally relevant conditions. The impact of different physico-chemical pa-
rameters on the transport behavior was investigated in the experiments and it was quantified
with the help of mathematical modeling. Secondly, the innovative technique of flow field-flow
fractionation (FlFFF) was implemented for the characterization of the AgNP samples and for
the second most commonly used nanomaterial, titanium dioxide nanoparticles (TiO2NPs). The
technique allows a size separation of aqueous particle samples within the range of 1 nm and
1 µm. This enables the separation of size fractions of the engineered nanoparticles from natural
nanoparticles, for example in the soil leachate from the transport experiments, the determination
of the particle size distribution and the quantitative detection of particles by UV-Vis detection.
FlFFF makes it possible to characterize the chemical and the physical properties of the nanopar-
ticles during the transport experiments, providing valuable insights in the processes occurring
during their transport in porous media.
This thesis is structured as follows. It begins with some basic definitions and a literature review
on the current status of research regarding the environmental implications of nanotechnology
(chapter 2). Moreover, chapter 2 contains a detailed description of the fundamental theoretical
concepts of particle transport, colloid chemistry and FlFFF. In the third chapter an overview of
the experimental methods and materials will be given. The results of the particle characterization
and especially the results and steps of the method development for the implementation of the
FlFFF technique are presented and discussed in chapter 4, while the results of the transport
experiments and the mathematical modeling are described and interpreted in chapter 5. The
main conclusions of this research are summarized and an outlook is given in chapter 6. A
summary of the work is given in chapter 7.
2
Theoretical framework and literature
review
2.1 AgNPs and TiO2NPs in the environment
2.1.1 Definitions
The terminology associated with nanotechnology is often not clear and also in the literature
not consistently used, since there was no generally accepted definition or standard until late.
Finally, an International Organization for Standardization (ISO) technical committee for nan-
otechnologies, ISO/TC229, worked out terminology standards for nanoparticles, which were
in Germany implemented by the German Institute for Standardization (Deutsches Institut fu¨r
Normung) (DIN) through DIN SPEC 1121 (2010) or in Great Britain through the British Stan-
dards Institution (BSI) with the BSI PAS 71 (2011).
The guidelines follow the principle of defining nanoscaled materials by size. The nanoscale
is defined as the range between 1 nm and 100 nm. In figure 2.1 the range of nanoparticles
compared to other typical small naturally occurring objects is visualized. According to DIN
SPEC 1121 (2010), a nanoparticle is an object where all three external dimensions are within
the nanoscale, whereas a particle is defined as a very small part of a substance, which has
defined physical boundaries or interfaces. A nanoplate is defined as an object with one external
dimension in the nanoscale and two dimensions, which are considerably larger, a nanofibre is
defined as an object with two external dimensions in the nanoscale and one dimension which is
considerably larger than the other two dimensions. Those three types are summed up as nano-
objects. Nanomaterials are either materials that have any external dimension in the nanoscale
or materials, which have a nanoscaled structure. In DIN SPEC 1121 (2010) agglomerates are
defined as collections of loosely bound particles, aggregates or a mixture of both, whereas the
resulting surface area is comparable to the sum of the surface areas of the single compounds. Here
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bonding forces are weak forces, such as van der Waals forces or simple physical entanglement.
Aggregates in contrary are defined as particles that consist of tightly bonded or merged particles,
whereas the resulting surface area may be considerably lower than the overall surface area of
the single compounds. Here the bonding forces are stronger forces, such as covalent bonds
or bonds that rely on sintering or complex physical entanglement. While single particles are
also referred to as primary particles, agglomerates and aggregates are referred to as secondary
particles. It should be noted here that in the literature the term ”aggregation” is not used
consistently. Especially in colloid science it is often used as a generic term for different forms
of physicochemical attachment of particles to each other forming clusters, such as coagulation,
flocculation, agglomeration and agglutination (Elimelech et al., 1995). In the following, if not
explicitly stated otherwise, the term ”aggregation” will be used as generic term as defined in
colloid chemistry.
In some definitions another dimension is implied where nanomaterials are not only defined by
their size, but by their novel properties in contrast to the same material being not in the nanoscale
(Baalousha & Lead, 2009). In the guideline of the BSI, the term nanotechnology is defined as
the ”application of scientific knowledge to manipulate and control matter in the nanoscale in
order to make use of size- and structure-dependent properties and phenomena distinct from
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those associated with individual atoms or molecules or with bulk materials”, which implies also
a nano-effect for engineered nanomaterials.
According to BSI PAS 71 (2011), engineered nanomaterials are materials that were designed
for a special purpose or function. In this work the term ”nanoparticle” is used synonymously
with ”engineered nanoparticle”, unless explicitly stated otherwise. In contrast to engineered
nanoparticles, anthropogenic nanoparticles are defined as particles in the nanoscale that are
unintentionally produced and released during technical processes and natural nanoparticles are
a sub-fraction of naturally occurring organic and inorganic colloids, such as humic acids or
clay minerals (Christian et al., 2008). Colloids are according to the International Union of
Pure and Applied Chemistry (IUPAC) defined as macromolecules or particles with at least one
dimension between 1 nm and 1 µm (IUPAC, 1997). The size range of different natural and
engineered particles is illustrated in figure 2.1. In a colloidal system a dispersed phase (colloid)
is distributed in a continuous phase or dispersion medium of a different composition, which
is referred to as dispersion (IUPAC, 1997). A colloidal system is regarded as stable, when
particles do not agglomerate, aggregate or sediment. According to the IUPAC definition, a
suspension is a dispersion of solid particles in a liquid phase. There is a technical limitation for
the distinction between solutes and particles, because usually filters with 0.45 µm or 0.2 µm pore
size are used for the separation of dissolved and particulate phases (United States Environmental
Protection Agency, 2008; DIN 19529, 2009). This technical distinction of solutes and particles
is not applicable for nanoparticles, which would technically be classified as solutes in many
standard experimental setups (figure 2.1).
2.1.2 Properties of engineered nanoparticles
As already suggested in the definition above, engineered nanoparticles differ from natural nanopar-
ticles or unintentionally produced anthropogenic nanoparticles by being designed for a special
purpose. In this regard, the most important issue is their higher surface area to volume ratio
compared to the same material in micron or bulk size (Christian et al., 2008). The enhanced sur-
face area enhances also the reactivity of the nanoparticles, providing more atoms at the surface
that are able to react with the surrounding medium. Aggregation or agglomeration of nanopar-
ticles reduce the available surface area and therefore often surface coatings are applied that keep
the nanoparticles well separated from each other and stabilize the dispersion. Moreover, surface
coatings or functionalizations serve for manipulating the properties of nanoparticles regarding
their specific application, for instance their hydrophilicity or hydrophobicity. However, surface
coatings also alter the behavior of nanoparticles in the environment, their bioavailability and
their toxicity (Nowack et al., 2012).
The production procedures of nanoparticles can be grouped into top-down and bottom-up pro-
cedures. While during the top-down procedures bulk material is separated by physical methods,
such as grinding or milling, in bottom-up procedures particles are grown, e.g. from a nucleus
(Ju-Nam & Lead, 2008). According to the Woodrow Wilson Database (Project on Emerg-
ing Nanotechnologies, 2014), the materials most commonly used as nanoparticles in consumer
products are silver (Ag), carbon (C) in form of fullerenes (C60) or carbon nanotubes, titanium
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Figure 2.2: Number of consumer products containing different nanoscaled materials, data from the
Woodrow Wilson Database (Project on Emerging Nanotechnologies, 2014).
(Ti) or titanium dioxide (TiO2), silica (Si), zinc (Zn) and gold (Au) (figure 2.2). The different
nanoparticle types have a wide range of applications. They are used in food packaging, clothing,
cosmetics, sunscreen, sports equipment, in coatings of various every-day products as bactericide,
for self-cleaning surfaces or water purification. Another important type of nanomaterials are
zero-valent iron nanoparticles that are used in groundwater remediation (Zhang & Elliott, 2006)
and waste water treatment. There is an abundance of different nanomaterials and product types
with a variety of properties and stabilization types and they can hardly be generalized. Each
material and product has to be considered individually. Therefore the following descriptions
and discussions on the properties of engineered nanoparticles will be focused on AgNPs and
TiO2NPs, which were investigated in this work.
AgNPs are used for their antibacterial effect, which relies mainly on the release of toxic Ag+ ions
related to the oxidation of the particle surface (Xiu et al., 2012). The antibacterial effect of silver
has long been known and silver was, for instance, used in food storing containers, in medical
applications for disinfection or as antibiotic until the discovery of penicillin and other more
selective antibiotics (Luoma, 2008). Even today colloidal silver is used in alternative medicine
as natural antibiotic or cure-all and sold via the internet, although the medical effectiveness has
never been proven and the risk of negative side-effects, such as argyria, an accumulation of silver
sulfide in the skin, is well known (Fung & Bowen, 1996). By the nano modification of Ag its
antibacterial effect can be strongly enhanced. Today the field of application of nanoscaled silver
particles is wide. It is used in antibacterial coatings for medical devices or in refrigerators and
washing machines, in clothing, food packaging, computer keyboards, cosmetic products, paints
and many more (BUND, 2010). In order to enhance the stability of suspensions AgNPs are
often surface coated, for instance with citrate, polyvinylpyrrolidone (PVP), gum arabicum or
surfactants (Lowry et al., 2012; Levard et al., 2012).
TiO2 occurs in the mineral phases anatase, brookit and rutile, each of which has its particular
properties depending on the crystal structure and the particle size (Reyes-Coronado et al., 2008).
TiO2 is used because of its high refractory index as white pigment in paints, plastics, cosmetics
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and food. The maximum opacity is achieved with the rutile modification at particle sizes between
200 nm and 300 nm. For smaller particle sizes the opacity of TiO2 decreases. Due to the band
gap of approximately 3 eV, TiO2 particles yield a very high ultraviolet (light) (UV)-absorbance
(Chen et al., 2007). This is why they can be used for effective UV-absorbance in sunscreens. For
this purpose, in comparison to micron-scaled particles, nano-scaled particles have the advantage
of being transparent and leaving no undesirable white film on the skin. Moreover, TiO2 has a
photocatalytic effect, especially at the anatase modification. Under irradiation with UV light it
generates free radicals with an antibacterial effect, which is enhanced at the nanoscale due to the
higher surface area to volume ratio. Therefore TiO2 can be used for water purification (Klare
et al., 2000). The photocatalysis effect is also used in combination with another property of TiO2,
hydrophilicity, in self-cleaning coatings. Free radicals that are released during UV irradiation
break down organic dirt while the hydrophilicity of the particles allows the water to form sheets
on the coated surface and wash away the dirt. Also TiO2NPs are often surface coated, for
example to prevent the release of free radicals in sunscreens or to improve the dispersion stability
(Nowack et al., 2012).
2.1.3 Toxicity
In the last years a growing body of literature in the new field of nanotoxicology has evolved. Ac-
cording to the International Council on Nanotechnology (ICON) database on nano-Environment,
Health and Safety (EHS) publications, between 2000 and 2013 a total of more than 3600 peer-
reviewed and review papers on the hazard posed by engineered nanomaterials was published,
with a significant increase in publication activity starting in 2007 (figure 2.3). However, in face
of the abundance of products of each nanomaterial that is already released on the market or that
will be released within the next years, research is just in the beginning. One major difficulty
is the lack of standard methods for testing nanoparticle toxicity, while it is due to the special
properties of particles often not adequate to apply standard methods that were developed for
water-soluble chemicals (Klaine et al., 2012; Handy et al., 2012). For nanoparticles that easily
aggregate and sediment from the water column, or interact with the typical toxicity test me-
dia, an exposure of the test organisms cannot be maintained over the whole duration of the
experiment (Klaine et al., 2012; Ro¨mer et al., 2011). Scientists have started to develop practical
solutions in order to deal with the challenges of nanoparticles as test substances. However, the
resulting variability in toxicity test design makes studies less comparable. Another challenge
is the dynamic nature of NPs in complex environmental media. Once released into a medium,
nanoparticles will alter as they are likely to transform, agglomerate or dissolute (Nowack et al.,
2012), which also alters their toxicity (Jones & Grainger, 2009). Hence, it is important to
characterize nanoparticle toxicity in environmentally relevant media (e.g. McLaughlin & Bon-
zongo, 2012). Moreover, especially the early studies often lack a thorough characterization of
the nanoparticles tested, including particle size distribution and aggregation state, hampering
the significance and comparability of studies (Warheit, 2008).
The toxicity of different nanoparticles was recently reviewed (e.g. Maurer-Jones et al., 2013;
Love et al., 2012; Handy et al., 2012, 2008a,b; Navarro et al., 2008a). The toxicity of AgNPs in
particular has been reviewed several times within the last years (Ahamed et al., 2010; Fabrega
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Figure 2.3: Studies published between 2000 and 2013 regarding nanomaterial related hazard (International
Council on Nanotechnology, 2014).
et al., 2011; Marambio-Jones & Hoek, 2010; Quadros & Marr, 2010; Reidy et al., 2013) and
TiO2NP toxicity was reviewed for example by Menard et al. (2011) and Iavicoli et al. (2012).
Some important issues and findings regarding the toxicity of nanomaterials will be summarized
in this subchapter. Major issues of concern in nanotoxicology are not only related to the direct
mechanisms of toxicity, but also to a possible accumulation of nanoparticles in the food chain.
Although the exact mechanisms of toxicity are not completely understood yet, it becomes ev-
ident from the literature that nanoparticles have adverse effects on organisms, from bacteria
to mammals or plants. Possible reactions to nanoparticle exposure are for instance oxidative
stress, deoxyribonucleic acid (DNA) damage, membrane damage, growth inhibition or repro-
ductive failure. While the toxicity of some nanoparticles relies on the dissolution of toxic ions,
as for AgNP releasing toxic Ag+ or ZnO nanoparticles releasing toxic Zn+ ions (e.g. Xiu et al.,
2012), for other particles toxicity is evoked by the nanoparticles themselves, e.g. by mechanical
disruption of cell membranes or shading of cells with agglomerates (Schwab et al., 2011).
The toxicity of nanomaterials towards bacteria has been extensively studied for their essential role
in nutrient cycles, aquatic metabolism and ecosystem health (Das et al., 2012; Langenheder et al.,
2010) or for water purification in a waste water treatment plant (WWTP) (Choi & Hu, 2008).
In this regard, especially AgNPs have been thoroughly studied, because of their antibacterial
effect, which is useful in their field of application but can be hazardous to beneficial bacteria
communities if AgNPs are released into the environment. The antibacterial effect of AgNPs is
associated with Ag+ ions that are released when the Ag0 core of the AgNPs oxidizes to Ag2O
at the particle surface (Levard et al., 2012). Ag+ ions are believed to attach to the negatively
charged cell membranes, resulting in the generation of reactive oxygen species (ROS) and the
disturbance of enzymes, disruption of cell membranes and ultimately cell death (e.g. Choi & Hu,
2008; Levard et al., 2012). However, it is not clear if other nanoparticle specific mechanisms,
such as the accumulation of AgNPs at the cell membranes (Choi & Hu, 2008) or bacterial growth
inhibition associated with the entering of small AgNPs into the cells (Morones et al., 2005) are
also relevant. Thus, in studies AgNP toxicity is often compared to the toxicity of dissolved Ag
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species, as for example silver nitrate (AgNO3). Choi & Hu (2008) studied the effect of AgNP
size on nitrifying bacteria and ROS generation compared with dissolved Ag+. They report that
particles below 5 nm showed the highest toxicity and that AgNPs showed a higher toxicity than
Ag+ at same ROS levels and concluded from this result that there must be another nanoparticle
specific mechanism that is not associated with ROS generation. Xiu et al. (2012) found quite
contradictory results. They investigated the toxicity of different AgNPs to Escherichia coli
bacteria under both, aerobic and anaerobic conditions. Under anaerobic conditions no toxicity
of dissolved Ag+ ions could be observed, while under aerobic conditions toxicity was found to be
a function of dissolved Ag+ concentration for all different AgNPs tested. The authors propose
that the toxicity of AgNP relies solely on Ag+ release and is indirectly controlled by factors such
as particle size, shape, surface coatings and surface charge, which affect Ag+ release.
Another important issue regarding the toxicity of AgNPs is the role of potential ligands that may
eventually reduce the toxicity, especially in natural environments. Choi et al. (2009) examined
the effect of different potential ligands and found that the toxicity was reduced by sulfide through
the formation of complexes that did not oxidize within 18 h and hence inhibited the release
of Ag+ ions. Reinsch et al. (2012) also reported that sulfidation decreased bacterial growth
inhibition, but that the degree of sulfidation and subsequently the decrease of growth inhibition
was however depending on the properties of AgNPs, such as the aggregation state. A decrease
of nanoparticle interaction with Escherichia coli and an associated abatement of toxicity in
natural waters was observed in the presence of natural organic matter (NOM) and divalent ions
by Zhang et al. (2012). Similar findings regarding the presence of NOM reducing toxicity were
made by McLaughlin & Bonzongo (2012), while they report higher toxicity at larger particle
sizes, contradicting for example the findings of Choi & Hu (2008). The sometimes contradictory
results underline the complexity of nanoparticle toxicity and the lack of comparability between
different studies due to varying experimental approaches.
TiO2NPs are being used in self-cleaning surfaces or waste water treatment for their antimicrobial
activity, which is associated with the photocatalytic generation of free radicals causing membrane
leakage and subsequent cell death (Battin et al., 2009; Dalai et al., 2012). Adams et al. (2006)
showed that TiO2NPs have a toxic impact on Bacillus subtilis as well as Escherichia coli and that
toxicity is enhanced by light, but does not seem to be dependent on particle size or aggregation
state of TiO2NPs. The toxic effect of TiO2NPs on Escherichia coli under UV-irradiation was
also shown by Li et al. (2012). Several studies revealed the generation of free radicals at dark
conditions (e.g. Battin et al., 2009; Dalai et al., 2012; Zhukova et al., 2010). However, the
mechanisms are not fully understood yet (Dalai et al., 2012). The toxicity of TiO2NPs towards
bacteria under more natural conditions (natural waters, low concentrations) was for instance
shown by Dalai et al. (2012) and Planchon et al. (2012). Fang et al. (2010) demonstrated a
toxic effect of TiO2NPs associated with membrane damage towards nitrifying bacteria, which
are commonly used for waste water treatment.
Fish can be exposed to nanoparticles in surface waters, in river or marine sediments. The
accumulation of nanoparticles in fish might also lead to their entrance into the food chain.
Uptake of AgNPs and related adverse effects have been shown for zebrafish embryos (e.g. Lee
et al., 2007; Asharani et al., 2008; George et al., 2012), for rainbow trout (Farkas et al., 2011;
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Scown et al., 2010) or for medaka (Kashiwada et al., 2012). Muth-Koehne et al. (2013) found
that the toxicity of AgNPs to zebrafish embryos was even enhanced after the nanoparticles
underwent a sewage treatment process, which was associated by the authors with a decreased
particle size and subsequent higher release of toxic Ag+.
In general, from the existing findings in the literature, TiO2NPs seem to be less toxic to fish than
AgNPs. Toxicity of TiO2NPs to zebrafish was studied by Zhu et al. (2008), who reported no
toxicity to zebrafish embryos in standard 96-h embryo-larval bioassays. However, Ma & Diamond
(2013) found significant toxicity in a similar setup, with realistic periods of UV-irradiation as
well as in later life stages, indicating that unrealistic standard toxicity test setups have limited
significance. Fouqueray et al. (2013) showed slight adverse effects of TiO2 residues from sunscreen
taken up with the food by juvenile zebrafish. Scown et al. (2009) studied the bioaccumulation of
TiO2NPs in rainbow trout and found that they were accumulated in the kidney but had minimal
effect on the kidney function.
Adverse effects of nanoparticles on soil fauna were reported for AgNPs by Roh et al. (2009) for
nematodes and by Shoults-Wilson et al. (2011) for earthworms, for AgNPs and TiO2NPs on
earthworms by Heckmann et al. (2011) and for TiO2NPs on earthworms by Hu et al. (2010) and
McShane et al. (2012) and for soil bacteria communities by Ge et al. (2011) and Dalai et al.
(2012). Schlich et al. (2013) investigated the long term effects of surfactant stabilized AgNPs
at environmentally relevant concentrations that were incorporated into sewage sludge on soil
microorganisms over a time period of 140 days. They found toxic effects of the AgNPs on soil
microorganisms even after they were adsorbed to the sewage sludge and transformed.
The toxicity of nanoparticles to plants is significant for different reasons. First, plants play
a major role for local and global oxygen and material cycles. Growth inhibition caused by
nanoparticles may cause imbalance in material cycles and furthermore endanger agricultural
yields. With this regard, it should be noted, that one major source of nanoparticle input in soils
is believed to occur through sewage sludge used as fertilizer. Secondly, uptake of nanoparticles
by plants might introduce the nanoparticles to the food chain. A review of nanoparticle uptake
and toxicity to plants is for instance given by Miralles et al. (2012) and Dietz & Herth (2011).
Navarro et al. (2008b) showed that carbon coated AgNPs were 18 times more toxic to algae than
AgNO3 as a function of released Ag+, suggesting that there must be another toxicity mechanism,
additionally to Ag+ release. This has also been found by Yin et al. (2011) for grass in hydroponic
cultivation. Further studies in hydroponic cultivation suggest toxicity of AgNPs for ryegrass,
barley and flax (El-Temsah & Joner, 2010), duckweed (Gubbins et al., 2011) and beans (Patlolla
et al., 2012). Recently toxicity was also tested in experimental setups where plants were grown
in soils spiked with AgNPs (Dimkpa et al., 2013; Lee et al., 2012). For TiO2NPs again it seems
that they show less direct toxic effects to plants (Song et al., 2013b,a; Giordani et al., 2013).
However, it has been shown that they were taken up from soils and accumulated in plants, as
for example in wheat (Du et al., 2011) and tomatoes (Song et al., 2013b).
Nanotoxicity to mammals was revised for instance by Oberdo¨rster et al. (2005) for nanoparti-
cles in general, by Ahamed et al. (2010) and Marambio-Jones & Hoek (2010) for AgNPs and
by Miralles et al. (2012) and Iavicoli et al. (2012) for TiO2NPs. Studies on mammals with
respect to the pulmonary toxicity of airborne ultrafine particles have already been carried out
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starting in the 1990s, involving also early nanoparticles such as Degussa P25 TiO2 (Oberdo¨rster
et al., 2005). In-vivo studies with rodents, clinical studies with humans and in-vitro studies
with human cell lines indicated the deposition of ultrafine particles in the lung after inhalation
(Oberdo¨rster et al., 2005) evoking inflammatory and cytotoxic responses associated especially
with particle surface-cellular interactions, indicating enhanced toxicity of nanoscaled particles
in comparison to larger particles (Oberdo¨rster, 2000; Warheit et al., 2007a,b). Once taken up
via the respiratory tract, translocation of the nanoparticles to the systematic circulation and
subsequent distribution within the body is possible, which may be enhanced by surface coatings
used to prevent aggregation of the nanoparticles (Oberdo¨rster et al., 2005; Warheit, 2008). Im-
portant pathways of nanoparticle uptake are not only via the respiratory tract but also dermal
and gastrointestinal (Oberdo¨rster et al., 2005). Moreover nanoparticles are also able to pass the
blood-brain-barrier (Brun et al., 2012; Kreuter, 2001) with subsequent damage of the brain and
the central nervous system, as was shown for TiO2NPs (Long et al., 2006) and AgNPs (Trickler
et al., 2010).
Facing the abundance of different products on the market and the many different endpoints
in ecosystems that might be affected by nanoparticle exposure, it can be stated that nanotox-
icology research is only at its beginning. This, and the lack of standardized methodology for
environmental relevant toxicology testing of nanoparticles makes it difficult to really evaluate
nanoparticle toxicology. However, the existing literature shows that nanoparticles have adverse
effects on bacteria, invertebrates, vertebrates, mammals and plants and the scientific community
agrees on the point that a careful investigation of toxicity, taking into account transformation
and alteration processes of nanomaterials in the environment, should be carried out to ensure a
sustainable development of nanotechnology (Handy et al., 2012; Jones & Grainger, 2009; Klaine
et al., 2012).
2.1.4 Release
During the life cycle of products containing nanoparticles, various point and non-point sources
of nanoparticle release into different compartments of the environment can be identified. Among
them are the unintentional release during production, transport, storage and use of products,
WWTPs, landfill sites, agricultural applications of nanoparticles or groundwater remediation
measures (The Royal Society, 2004). The abrasion from consumer products into the municipal
waste water and subsequent transport into WWTPs, where nanoparticles might be released
into surface waters with the effluent or into soils by application of sewage sludge as fertilizer,
is regarded as one of the most relevant pathways of nanoparticles into the environment. The
abrasion behavior of nanoparticles from consumer products into the waste water was examined
for washing of textiles coated with AgNPs (Benn & Westerhoff, 2008; Benn et al., 2010; Geranio
et al., 2009; Impellitteri et al., 2009; Lorenz et al., 2012), for washing of TiO2NP coated textiles
(Windler et al., 2012), for AgNP coated washing machines (Farkas et al., 2011) or for TiO2NPs in
cosmetic products (Weir et al., 2012). A direct abrasion of TiO2NPs from sunscreens into surface
waters is likely to occur during summer time in swimming lakes. Leakages in the municipal
sewage system are regarded as possible point sources releasing contaminants into the groundwater
in urban areas, as well as overflow of sewage systems during heavy rainfall events (Lerner, 1990).
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Table 2.1: Predicted environmental concentrations (PECs) of engineered nanoparticles for different path-
ways, taken from Maurer-Jones et al. (2013). References: a) Mueller & Nowack (2008), b) Klaine et al.
(2008), c) Gottschalk et al. (2009), d) Blaser et al. (2008), e) Gottschalk & Nowack (2011), f) Arvidsson
et al. (2011), g) Praetorius et al. (2012), h) Kiser et al. (2009), i) Westerhoff et al. (2011).
Nanoparticle PECs unit pathway into environment references
Ag 0.088-10000 ng/l surface water a, b, c, d
0.0164-17 µg/l WWTP effluent c, d
1.29-39 mg/kg WWTP sludge c,d
TiO2 21-10000 ng/l surface water e, a, b, c, f, g
1-100 µg/l WWTP effluent c, h, i
100-2000 mg/kg WWTP sludge c, g, h
The release of nanoparticles from facade paints under natural weather conditions and their
discharge into aquatic environments has been shown for TiO2NPs (Kaegi et al., 2008) as well as
for AgNPs (Kaegi et al., 2010). Landfill sites represent possible point sources for nanoparticles
to be released into the subsurface due to leakages (Mueller et al., 2013; Musee, 2011). Waste
incineration can lead to a release of nanoparticles into the atmosphere (Roes et al., 2012),
where long distance transport may occur. Also the use of spray products will result in the
release of nanoparticles into the atmosphere (Quadros & Marr, 2011). During rainfall events,
airborne nanoparticles may be deposited as fall-out to soils and surface waters in a non-point
way. Another possible source for nanoparticles in soils and atmosphere is the application of
agricultural products, such as plant protection agents and fertilizers containing nanoparticles
(Gogos et al., 2012).
Different attempts have been made to model the future ubiquitous concentrations of nanoparti-
cles in the environment, which were recently reviewed, for instance by Gottschalk et al. (2013)
and Maurer-Jones et al. (2013). Values of predicted environmental concentrations (PECs) in
different compartments such as surface waters, soil, WWTP effluents, sewage sludge and atmo-
sphere are provided for most relevant nanoparticles such as Ag, TiO2, carbon based nanoparticles
or ZnO for various scenarios (Arvidsson et al., 2012; Gottschalk et al., 2009; Hendren et al., 2011;
Mueller & Nowack, 2008; Musee, 2011; O’Brien & Cummins, 2010). Some values of predicted
environmental concentrations for Ag and TiO2 NPs are given in table 2.1. The predicted concen-
trations vary according to the modeling approach and scenario considered. However, they pro-
vide an idea of possible quantities of nanoparticles release into the environment. There is also a
number of analytical studies where measured environmental concentrations (MECs) of nanopar-
ticles were determined in environmental samples, as was revised for example by Gottschalk
et al. (2013). The values of MECs are within the same orders of magnitude as the modeled
environmental concentrations.
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2.1.5 Transformations
Transformation processes are crucial for the fate of engineered nanoparticles in the environ-
ment. Due to the high reactivity of nanoparticles being one of their wanted properties, it can be
expected that they will also readily react and transform once released into the environment. Ac-
cording to Nowack et al. (2012), nanoparticles should be categorized into pristine (as-produced),
product modified (as incorporated into product), product weathered (in product and released
from product) and environmentally transformed nanoparticles. Transformation processes will
alter the properties of nanoparticles, such as surface charge and surface functionalization, which
can affect the bioavailability and toxicity, the mobility and persistence.
In their review paper Lowry et al. (2012) provide a brief overview of possible transformation
processes, which can be categorized into chemical and physical transformations, macromolecule
interactions and biological transformations. The most important chemical transformations are
reduction and oxidation, photocatalytic reactions, dissolution and sulfidation. They underlay
the chemical conditions of the surrounding medium, such as the presence of oxygen, sunlight and
reaction partners. Reactions occur mainly at the surface of nanoparticles and affect also surface
coatings. Physical transformations imply agglomeration or aggregation. It is also strongly
affected by the chemical composition of the surrounding medium, such as pH-value or presence
of ions (Hotze et al., 2010a), which is discussed in more detail in chapter 2.2. Aggregation alters
the properties of nanoparticles by reducing the available surface area, decreasing the reactivity
and eventually also decreasing the toxicity. Interactions with macromolecules, such as NOM or
surfactants, can result in a coating of the macromolecules onto the nanoparticle surface, altering
their properties and resulting for instance in steric stabilization as observed by Cumberland &
Lead (2009). Biological transformations occur in tissues of living organisms or are mediated
by them through bacterial or enzymatic activities. Nowack et al. (2012) propose additional
transformation processes, such as the precipitation of dissolved nanoparticles, combustion and
physical abrasion. In the following paragraphs an overview of the most relevant transformation
processes of AgNPs and TiO2NPs is given.
Transformations of AgNPs have been examined in several studies under laboratory conditions
(Huynh & Chen, 2011), environmental conditions (Lowry et al., 2012; Piccapietra et al., 2011;
Unrine et al., 2012) and under waste water conditions (Burkhardt et al., 2010; Kaegi et al., 2011,
2013; Lombi et al., 2013). Reviews on the transformation behavior of AgNPs are for instance
presented by Levard et al. (2012) and Yu et al. (2013).
The aggregation behavior of AgNPs strongly depends on the surface coating of the nanoparticles
and the chemical properties of the surrounding solution, such as concentration and valence of
dissolved ions as well as pH. Several laboratory studies reported that uncoated or electrostatically
(citrate) stabilized AgNPs were destabilized at higher ionic strengths of monovalent ions, at
relatively low ionic strengths of divalent ions and at acidic pH-values, while the same parameters
had no impact on the stability of sterically stabilized AgNPs coated with PVP (El Badawy et al.,
2010; Huynh & Chen, 2011; Liu et al., 2011) or surfactants (Liang et al., 2013b). Moreover,
Huynh & Chen (2011) showed for example a stabilizing effect of humic acids on citrate and PVP
coated AgNPs.
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When exposed to oxygen, AgNPs form a layer of Ag2O at the surface, which is a thermo-
dynamically favorable reaction at room temperature that is enhanced as the particle size of
AgNPs decreases (Cai et al., 1998). In contrast to metallic silver, silver oxide is soluble in water
(Johnston et al., 1933; Levard et al., 2012) and the oxidized AgNP surfaces release Ag+ ions.
Dissolution is enhanced at low pH-values and it increases with decreasing particle size (Liu &
Hurt, 2010). Due to the tendency of AgNPs for oxidation and subsequent dissolution, it can be
suggested that AgNPs will eventually not be persistent in the environment over long time scales
(Liu & Hurt, 2010). However, there are also factors inhibiting dissolution. As shown by Liu
& Hurt (2010), dissolution is not possible in the absence of protons and dissolved oxygen. The
presence of NOM hampers dissolution (Liu & Hurt, 2010), as does aggregation (Gondikas et al.,
2012; Reinsch et al., 2012). In their review about environmental transformations of AgNPs,
Levard et al. emphasize the affinity of Ag to bind to sulfur and chloride (Levard et al., 2012).
According to Liu et al. (2011) there are two possible pathways of AgNP sulfidation: a direct path
where Ag2S nanoparticles are produced by particle fluid reaction and an indirect path where
Ag0NPs are oxidized and emitted Ag+ ions react with sulfur compounds to Ag2S. In a study of
the long term transformation of AgNPs in large-scaled simulated wetlands Lowry et al. (2012)
found that 52 % of AgNPs in terrestrial soil were transformed to Ag2S and 27 % were present
as Ag-sulfhydril components. However, in spite of the sulfidation and the low concentrations
in the water column, Ag remained bio-available. Sulfidation of AgNPs was also observed in a
pilot WWTP by Kaegi et al. (2011). The degree of sulfidation has been shown by Reinsch et al.
(2012) to depend on the properties of the AgNPs, such as the aggregation state.
While AgNPs are described in the literature as being highly reactive and readily transformable
under environmental conditions, TiO2NPs are generally regarded as inert, persistent and in-
soluble (Carp et al., 2004; Chen et al., 2007). The alteration of TiO2NPs is often related to
other components of the product modified nanoparticles such as surface coatings (Auffan et al.,
2010; Kiser et al., 2009; Nowack et al., 2012) or to the photoreactivity of TiO2NPs (Carp et al.,
2004; Nowack et al., 2012). Aggregation is probably the most relevant transformation process
of TiO2NPs, as metal oxide nanoparticles in general tend to aggregate (Zhang et al., 2008).
Suspensions of TiO2NPs have been shown to be stable at low ionic strength (IS) and low pH
conditions (French et al., 2009) and in the presence of NOM (Domingos et al., 2009; Loosli et al.,
2014; Ottofuelling et al., 2011), while micron-sized aggregates are formed at higher IS conditions
(French et al., 2009; Ottofuelling et al., 2011). Aggregation has furthermore been shown to
depend on particle concentration and primary particle size (Chowdhury et al., 2013; Pettibone
et al., 2008). Moreover, Praetorius et al. (2012) emphasize the significance of heteroaggregation
processes of TiO2NPs with naturally occurring fine suspended particles.
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2.2 Fundamentals of particle transport in porous media
The major processes dominating the fate of colloids and nanoparticles in water saturated porous
media are the transport with and within the liquid phase and the collision with and subsequent
deposition to the solid phase. Particles may be removed from the liquid phase and deposited to
the solid phase by two processes, filtration and pore straining. While pore straining is a process
involving the mechanical trapping of particles in small pores or dead-end pores, filtration is
understood as the attachment of particles to a solid surface due to physicochemical interactions.
One additional important process affecting the transport and deposition behavior of colloids
and nanoparticles is the aggregation of particles with each other. The processes of particle
transport and deposition to the solid phase are described by the classical filtration theory, the
physicochemical conditions leading to particle attachment and aggregation are characterized
by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Both theoretical concepts will be
outlined in the following paragraphs.
2.2.1 Classical particle filtration theory
The classical particle filtration theory, or clean bed filtration theory, originates in the field
of waste water filtration, where clean sand beds were examined for their ability to hold back
colloidal particles (Yao et al., 1971). According to this theory, the filtration of particles is
considered to occur in two different steps: the particle transport towards the solid surface or
collector eventually resulting in collision, and the subsequent possible attachment due to particle-
collector physicochemical interactions (Elimelech et al., 1995). Mechanisms of particle movement
towards a collector are Brownian diffusion, interception related to fluid motion and sedimentation
(Yao et al., 1971). The different mechanisms are illustrated in figure 2.4.
A measure for the contact efficiency of a single soil grain or collector is the single-collector
efficiency η0 (-), which is defined as the ratio of the rate of particles striking the collector and
the rate of particles moving towards the collector (Yao et al., 1971):
StrainingDiffusion
Sedimen-
tation
Agglomeration
Interception Advection
Soil grain
Fluid flow
Co-transport
Figure 2.4: Major mechanisms of water saturated particle transport. Redrawn and modified after Chen
& Kibbey (2008).
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η0 =
rate at which particles strike the collector
v0Cc
(
pid2P
4
) (2.1)
with water velocity v0 (L T-1), particle concentration upstream the collector Cc (M L-3) and
particle diameter dP (L). Please note that the symbols for the dimensions signify length L, time
T and mass M.
As soon as a particle collides with a collector, it depends on the physicochemical interactions
between particle and collector, whether the particle will finally be attached. In classical filtration
theory this is described with the collision efficiency factor α (-), which is defined as the ratio of
the numbers of particles that attach to the collector divided by the number of collisions (Yao
et al., 1971). α is 1 if the system is completely destabilized and 0 when the system is stable.
Different concepts were presented in the literature to theoretically or experimentally determine
the parameters η0 and α. Usually η0 is calculated with the help of empirical correlation equations,
such as the one proposed by Tufenkji & Elimelech (2004b). α can be determined theoretically,
as proposed for instance by Ryan & Elimelech (1996). More commonly α is determined on the
basis of data that was obtained from transport experiments (Torkzaban et al., 2007).
Apart from collision mechanisms of particles with collectors, the major transport mechanisms of
particles under water saturated conditions are advection and hydrodynamic dispersion. Advec-
tion can be defined as the movement of particles with the fluid flow. Hydrodynamic dispersion
is a term for the sum of Brownian diffusion and dispersion, which is the distribution of particles
due to heterogeneity of the flow velocity in pores. Mathematically the transport process can be
described with the advection dispersion equation (ADE), which is given as follows (Kretzschmar
et al., 1997):
∂C
∂t
= DDisp
∂2C
∂x2
− vP ∂C
∂x
− kaC (2.2)
where C (M L3) is the particle concentration in the aqueous phase , t (T) is time, DDisp (L2 T-1)
is the hydrodynamic dispersion coefficient, x (L) is the spatial coordinate, vP (L T-1) the average
particle travel velocity and ka (T-1) is the particle deposition or attachment rate. In this equation
the term on the left hand side accounts for the temporal variation of the particle concentration,
the first term on the right hand side describes the transport due to hydrodynamic dispersion, the
second term accounts for the transport by advection and the third term describes the deposition
or attachment of particles which do not undergo further transport. Here the detachment or
remobilization of particles once deposited is not considered.
The attachment coefficient ka, which is related to the single collector efficiency η0 and the
collision efficiency α, can according to the filtration theory be calculated after the following
equation (Tufenkji & Elimelech, 2004b):
ka =
3
2
(1− ne)
dc
vPαη0 (2.3)
Here ne is the porosity (-) and dc the collector diameter (L).
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2.2.2 Deposition and aggregation
A colloidal system is referred to as stable when repulsive forces prevail between the colloidal
particles or between particles and collector surfaces, keeping them well separated. In an unstable
system on the other hand, attractive forces dominate and the particles tend to form clusters or
attach to the collector surface. This process of particles forming clusters is in colloid theory
described as ”aggregation”, which is here understood as a generic term for different processes
such as coagulation, flocculation or agglomeration (Elimelech et al., 1995). While the aggregation
of similar particles is described as ”homoaggregation”, the aggregation of different particle types
is described as ”heteroaggregation”. Deposition, i.e. the attachment of particles to a collector
surface, can be regarded as an extreme case of heteroaggregation. As is already described in
filtration theory for deposition, aggregation involves two different processes, the movement of
particles in the surrounding medium resulting in collisions and interactions between collided
particles leading eventually to a permanent attachment of particles to each other (Elimelech
et al., 1995). Here again, transport in a liquid medium occurs through Brownian diffusion,
fluid motion and sedimentation, whereas for particles smaller than 1 µm diffusion is regarded as
the most relevant transport mechanism (Pennell et al., 2008). The physicochemical interactions
between particles as well as particles and collectors can finally lead to aggregation or attachment
of the particles. According to the DLVO theory of colloidal stability (Derjaguin & Landau,
1941; Verwey & Overbeek, 1948), van der Waals forces are regarded as the main attractive and
electrical double layer (EDL) forces as the main repulsive forces.
An electrical double layer forms, when a charged surface is surrounded by an electrolyte solu-
tion. Briefly, oppositely charged counterions are attracted by the charged surface and according
to their tendency to diffusion opposing the attraction, a cloud with a certain distribution of
counterions forms, balancing the surface charge (Elimelech et al., 1995). In the literature dif-
ferent models were developed to describe the structure of the double layer, which are discussed
in more detail for example by Elimelech et al. (1995) or Brezesinski & Mo¨gel (1993). One rel-
atively common model is the Stern-model, which is visualized in figure 2.5. Here the cloud of
counterions is divided into the relatively compact and rigid Stern layer, with the thickness δ
(L) corresponding to the radius of the hydrated counterions, and the diffuse layer, which is not
as rigid as the Stern layer, but which contains a higher concentration of counterions than the
surrounding liquid (Brezesinski & Mo¨gel, 1993). The thickness of the diffusive layer corresponds
to the inverse Debye length 1/κ, which is a measure for the range of the electrostatic effect of a
charged surface. In the graph in figure 2.5 the decrease of the electrostatic potential is plotted
against the distance to the charged surface. The plane, which separates the fixed part of the
double layer from the mobile part is the slipping plane, or plane of shear of the surface (Elimelech
et al., 1995). The potential at this location refers to the zeta potential, which is lower than the
surface potential (figure 2.5). It can be determined by measuring the electrophoretic mobility.
The electrical double layer is strongly sensitive to the nature and concentration of ions (Elimelech
et al., 1995). While the cloud of counterions extends far out from the charged surface at low
IS, it is compressed at higher IS (Hotze et al., 2010a). Expressions for the calculation of the
electrical double layer potential for particle-particle and particle-plate interactions are given for
instance by Elimelech et al. (1995), Hotze et al. (2010a) or Petosa et al. (2010). In figure 2.6
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Figure 2.5: Model of the electrical double layer for a negatively charged solid surface and electrical
potential with distance to the solid surface. After Brezesinski & Mo¨gel (1993), Elimelech et al. (1995)
and Malvern Instruments Ltd. (2004).
the electrostatic double layer interaction potential between two particles is plotted as a function
of the separation distance between the particles. It can be recognized that the effect of the
electrostatic double layer repulsion is increasing with decreasing distance.
Van der Waals forces are weak forces that exist between molecules which can be explained by
interactions between permanent and/or spontaneous dipoles. Usually van der Waals forces are
net attractive and their impact is strongly decreasing with distance. In the classical approach for
the quantification of these interactions they are split into a geometrical part and the Hamaker
constant AH (Elimelech et al., 1995). Expressions for the van der Waals interactions between
particles and particles or particles and plates are given for instance by Elimelech et al. (1995),
Hotze et al. (2010a) and Petosa et al. (2010).
In classical DLVO theory, the sum of the attractive van der Waals and the repulsive electrostatic
double layer potential is calculated to determine if the overall potential between two particles or
a particle and a collector is net attractive or repulsive. In figure 2.6 the overall DLVO potential
is plotted for two particles as a function of the separation distance. In this example a primary
energy minimum, or energy well, exists at a small separation distance, where attractive van der
Waals forces clearly dominate. Moreover, a secondary energy minimum exists at a certain separa-
tion distance. It is believed that particles can reversibly attach in the secondary energy minimum.
While attachment in the primary energy well is irreversible. The classical DLVO approach does,
however, strongly simplify the physicochemical interactions between particles. More advanced
approaches, which are referred to as Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO)
theory, consider additional forces, such as bridging, osmotic, magnetic, hydrophobic Lewis acid-
base, hydration and elastic-steric forces (Hotze et al., 2010a; Petosa et al., 2010). The latter play
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Figure 2.6: Electrical double layer, van der Waals, Derjaguin-Landau-Verwey-Overbeek (DLVO) and
Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) interaction energies between two particles plotted
as function of the separation distance. Redrawn after Hotze et al. (2010a).
an important role for many nanoparticles, which are stabilized for their application in consumer
products. An example for the interaction potential between particles with organic coating is
shown in figure 2.6 (XDLVO potential). Here a primary energy minimum does not exist and
aggregation can only occur in the secondary minimum (Hotze et al., 2010a).
It should be noted that the DLVO theory funds on certain assumptions, that may not be valid
for nanoparticles. Possible conflicts can arise for instance due to their small size and the related
extreme surface curvature, while for elecrostatic double layer calculations the surface is assumed
flat, or the shape, which is assumed spherical in DLVO theory (Hotze et al., 2010a). Moreover,
as already pointed out above, stabilizing coatings that are commonly applied to commercial
nanoparticles can strongly affect the interaction potentials between nanoparticles as well as
between nanoparticles and collector surfaces.
A system is referred to as ”favorable”, when the solution conditions induce the dominance of
attractive forces, allowing for aggregation or attachment to collectors. In a favorable system,
aggregation or attachment can happen ”fast”, or transport limited (Petosa et al., 2010). On
the other side, a system is referred to as ”unfavorable”, when the solution conditions allow for
repulsive interactions to prevail, impeding aggregation or attachment. Due to the sensitivity of
the electrical double layer towards the nature and concentration of counterions present in the
surrounding solution, which was already pointed out above, the IS and valence of the electrolyte
are the most important parameters controlling the system properties (Elimelech et al., 1995;
Petosa et al., 2010). The electrolyte concentration, where a system passes from unfavorable to
favorable or from slow to fast aggregation, is called critical coagulation concentration (CCC).
According to the Schulze-Hardy rule, the CCC is proportional to the valence of the counterion
(Petosa et al., 2010). It is worth noting, that it is possible for stable particles to attach to a
surface, which exhibits no repulsion (Elimelech et al., 1995). Moreover, after deposition sites
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available in the porous medium were filled, secondary effects can occur, such as the blocking of
attachment sites leading to an increased transport (Adamczyk et al., 1995), or the ripening of
the porous medium surfaces, when particles show the tendency to attach to already deposited
particles. Other secondary effects are the aggregation and subsequent sedimentation or straining
of aggregates or the co-transport of particles attached to mobile colloids in the soil (2.4).
It can be summarized here that the most important parameters determining the mobility of
particles in porous media are on the one hand physical parameters, such as the flow velocity and
hydrodynamics, the particle size and the pore size distribution of the porous medium, and on
the other hand physicochemical parameters, such as the IS and pH of the surrounding solution,
the surface charge of the particles and porous media surfaces and the related availability of
attachment sites.
2.3 Transport of engineered nanoparticles in porous media - literature
review
Since the first experimental studies examining the transport of engineered nanoparticles in porous
media were published in 2004 (Lecoanet & Wiesner, 2004; Lecoanet et al., 2004), an abundance
of publications followed, seeking to understand if the existing framework of filtration theory and
DLVO theory is able to describe the transport behavior of engineered nanoparticles in porous
media. Comprehensive review studies summarizing major findings regarding the transport and
deposition of engineered nanoparticles in porous media are scarce. Relatively extensive literature
reviews are for instance given by Lin et al. (2010) and Petosa et al. (2010) for nanoparticles in
general and by Heidmann (2013) for metal based nanoparticles. Brief overviews of transport
studies are given for instance by Tourinho et al. (2012) for metal based nanoparticles and by
Reidy et al. (2013) and Yu et al. (2013) for AgNPs. In order to provide an overview of the
existing literature, the following section will provide a review of the most important studies and
findings regarding the transport behavior of nanoparticles in porous media in general, and the
transport of AgNPs in particular.
Firstly, not only the recent studies regarding nanoparticles, but already older studies with col-
loids, showed deviations of experimental observations from filtration theory, especially in environ-
mentally relevant and thus more complex systems. Deviations were particularly observed under
unfavorable conditions, where deposition can occur due to surface charge heterogeneities of the
porous media surfaces, providing local favorable attachment sites (Lin et al., 2011). Deposition
under unfavorable conditions was observed to be related to hydrodynamic drag forces, allowing
the particles to travel along a collector surface until possibly reaching a favorable attachment
site (Bradford et al., 2011; Li et al., 2005) or to mechanical straining phenomenons in small pore
throats and at locations of high surface roughness (Jaisi & Elimelech, 2009; Kasel et al., 2013a;
Li et al., 2004; Wang et al., 2012). On the other side, enhanced transport was associated with
stabilizing agents causing short range repulsive forces (El Badawy et al., 2013; Xiao & Wiesner,
2013). Moreover, it is worth noting, that the number of available attachment sites is subject to
the physicochemical factors, which can be dynamic in environmental systems. This makes the
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prediction of the transport behavior of particles in environmentally relevant systems even more
complicated.
Within the last years, a growing amount of experimental studies, particularly addressing the
transport behavior of engineered nanoparticles in porous media was published. However, one
major shortcoming is that most of theses studies were carried out in highly idealized systems
with quartz sand or glass beads as porous media materials (El Badawy et al., 2013; Kasel et al.,
2013a; Liang et al., 2013b; Lin et al., 2011; Solovitch et al., 2010; Taghavy et al., 2013; Tian
et al., 2010; Yang et al., 2014). Only few studies were conducted in columns with repacked
natural soil materials (Cornelis et al., 2013; Fang et al., 2009; Jaisi & Elimelech, 2009; Sagee
et al., 2012) or with undisturbed soil columns (Duester et al., 2011; Kasel et al., 2013b; Liang
et al., 2013a) and rock columns (Neukum et al., 2014a,b). Their findings emphasize the high
complexity and variability of nanoparticle transport, deposition and remobilization processes
under environmental conditions, which are related to the porous media heterogeneity, involving
the collector surface, soil texture and solution chemistry.
Another major shortcoming of most existing studies is the lack of the application of adequate an-
alytical techniques, to not only consider the chemical, but also the physical form of the nanopar-
ticles (Von der Kammer et al., 2012). In order to understand the processes that occur during
the transport of nanoparticles through the porous media matrices, it is crucial to also examine
possible transformation processes. For instance, it is useful to be able to distinguish between
dissolved and particulate species. While often the nanoparticle samples are thoroughly char-
acterized prior to the experiments, their physical state is not monitored during or after the
experiments. In many transport studies the concentration of nanoparticles is only measured
with mass spectrometry after sample digestion, which makes the differentiation between dis-
solved and particulate species impossible. One example for an exception is the study conducted
by Taghavy et al. (2013), who separated particulate Ag from dissolved Ag by centrifugation to
monitor the dissolution of AgNPs and found that dissolution did occur during transport through
the porous media. Moreover, it is important to detect possible changes in particle size distri-
bution and aggregation state during the experiments. This was for example considered by Lin
et al. (2011), who monitored the particle size distribution of AgNPs in the effluent of transport
experiments by dynamic light scattering and found no change in particle size during transport
experiments.
Regarding AgNPs in particular, it was found, that under well-defined conditions in artificial
porous media, the transport of AgNPs is sensitive to physicochemical parameters, such as solu-
tion IS, presence of divalent cations, grain size and hydrodynamics, as is generally also suggested
by filtration and DLVO theory (Liang et al., 2013b; Lin et al., 2011; Taghavy et al., 2013; Thio
et al., 2011). It has also been shown that the behavior of AgNPs is strongly depending on the
application of stabilizing agents that can enhance their mobility due to increased repulsion be-
tween AgNPs and AgNPs and the porous media surfaces (El Badawy et al., 2013; Liang et al.,
2013b; Thio et al., 2011). Secondary effects of the surfactant used for stabilizing AgNPs were
reported by Liang et al. (2013b), who observed concurrent deposition of nanoparticles and sur-
factant molecules, which manifested in the nonmonotonic deposition of AgNPs in columns of
quartz sand.
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Experimental studies examining the transport of AgNPs in natural porous media are scarce.
A few studies reported on the transport behavior of AgNPs in natural soils, such as Cornelis
et al. (2013), Liang et al. (2013a) and Sagee et al. (2012) or in undisturbed (Neukum et al.,
2014a) and fractured sandstone (Neukum et al., 2014b). Those studies demonstrated, that
the transport of AgNPs in natural porous media is not only affected by the physicochemical
parameters discussed above, but also by the texture and the grain size of the porous media
and the mineralogical composition. For instance, Neukum et al. (2014a) observed a quite high
mobility of AgNPs in a sandstone that was mainly composed of quartz with relatively large pores,
while deposition prevailed in sandstones with a more complex mineralogical composition and finer
pores. Cornelis et al. (2012) and Cornelis et al. (2013) have observed the tendency of AgNPs
to attach to components of the clay fraction of natural soils. Moreover, Liang et al. (2013a)
and Neukum et al. (2014b) have observed the remobilization of AgNPs that were associated
with colloidal particles from the soil/rock matrix, elucidating an important pathway for AgNP
migration in soils and aquifers.
2.4 Detection and characterization of nanoparticles
The analytical characterization of nanoparticles remains a challenge. This is because the ade-
quate characterization of nanoparticles in general requires the measurement of multiple charac-
teristics and the application of complimentary techniques, such as the coupling of fractionation
and detection techniques, which are still not sufficiently developed (Richman & Hutchison, 2009;
Von der Kammer et al., 2012). Additionally, analyzing nanoparticles in environmental samples
is particularly challenging because of low concentrations and samples having a high degree of
complexity due to other small components that occur in the environment. It can be necessary to
extract the engineered nanoparticles from the environmental matrix and preconcentrate them,
where the challenge is to prevent the formation of analytical artifacts (Weinberg et al., 2011).
The available methods for detection and characterization have been frequently reviewed over the
last years (Delay et al., 2010; Fedotov et al., 2011; Hassello¨v et al., 2008; Hassello¨v & Kaegi, 2009;
Lead & Wilkinson, 2006; Tiede et al., 2008; Von der Kammer et al., 2012; Weinberg et al., 2011).
This emphasizes the significance of the problem of adequate nanoparticle characterization. The
following section provides a brief overview of the most relevant properties of engineered nanopar-
ticles and the corresponding analytical techniques that are available for their characterization.
The separation technique FlFFF, which was the main analytical technique used in this work,
will finally be presented more particular.
2.4.1 Overview of important characteristics and analytical techniques
A comprehensive overview of the characteristics of nanoparticles that are important for their
behavior in the environment, is given by Hassello¨v & Kaegi (2009). As is illustrated in figure
2.7, the model of nanoparticles as homogeneous, monodisperse solid spheres with clean surfaces
is an over-simplification (Hassello¨v & Kaegi, 2009). In aqueous media the form of appearance of
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Figure 2.7: Physicochemical descriptors for fate and toxicity studies of engineered nanoparticles.
Reprinted from Hassello¨v & Kaegi (2009) with permission from Wiley and Sons.
nanoparticles is much more complex with multiple physical and chemical properties to be consid-
ered. These include, as illustrated in figure 2.7, concentration, shape, size and size distribution,
structure/crystallinity, composition, porosity/surface area, surface functionality, surface charge,
surface speciation and the agglomeration state (Hassello¨v & Kaegi, 2009). The importance of
most of these properties for the behavior of engineered nanoparticles in the environment was
already pointed out in chapter 2.1. It is not straight forward to characterize each of these prop-
erties in each study, but the properties to be characterized and thus the choice of the analytical
technique(s) should be suited to the particular problem addressed in the study (Von der Kammer
et al., 2012).
According to Hassello¨v & Kaegi (2009) the techniques commonly used for nanoparticle charac-
terization can be subdivided into the following groups:
• light scattering methods (dynamic light scattering (DLS), static light scattering, laser
diffraction spectroscopy (LDS), turbidimetry, nanoparticle tracking analysis),
• other electromagnetic scattering methods (small angle x-ray scattering, small angle neutron
scattering),
• fractionation and separation methods (microfiltration, ultrafiltration, centrifugation, size
exclusion chromatography, hydrodynamic chromatography, electrophoresis, field-flow frac-
tionation (FFF)),
• microscopic methods (scanning electron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy),
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• spectroscopic methods (optical spectroscopy, x-ray photoelectron spectroscopy, fluores-
cence) and
• surface area measurements with nitrogen gas.
The following brief descriptions of the techniques are taken from Hassello¨v & Kaegi (2009). Light
scattering methods are based on the measurement of the light scattered back by a sample that
is irradiated with a laser beam, which can be used for the determination of the particle size and
related properties and/or the concentration. Other analogue scattering methods use different
wavelengths of light for this purpose. Major limitations of these methods are that depending
on the particular technique, there is often a lower size limit and moreover the detection limit
is relatively high, which complicates the measurement of nanoparticles at environmentally rel-
evant concentrations. Fractionation and separation methods can be used to reduce the sample
complexity prior to the application of detection techniques. Fractionation means the partition-
ing of sample components according to physical (e.g. size, surface area) or chemical properties
(e.g. hydrophobicity). Restrictions of particle size also limit the applicability of the partic-
ular methods. One simple technique for the physical nanoparticle separation is the filtration
over membrane filters, but often such methods tend to produce sample artifacts, for instance
due to concentration polarization or clogging of the filter and subsequent agglomeration of the
nanoparticles. Chromatography is a technique, where nanoparticles are separated through a
column packed with a porous material (size exclusion chromatography) or in the flow field of a
capillary (hydrodynamic chromatography). In centrifugation the particles can be separated due
to gravitation and in electrophoresis due to an electrical field. One relatively versatile technique
is FFF, where the particles are separated in a flow field with the help of a field force, which can
act on various physical or chemical properties. The advantage of this technique is a large size
range and the gentle separation, because the sample does not interact with a stationary phase,
as for instance in chromatography. However, it is also relatively complex in its application, as
will be shown later in this work. Microscopy offers very powerful techniques for the physical and
chemical examination of nanoparticles and nanoparticle agglomerates. The main disadvantage
is that the analysis of the micrographs can be very time-consuming. Moreover, the preparation
of the samples for microscopy is a source for the formation of sample artifacts, because usually
the aqueous samples will be evaporated prior to analysis. In spectroscopic methods the light
absorbance (UV-Vis) or fluorescence of an irradiated sample are detected and can be used for the
quantitative analysis of nanoparticles. The applicability of such methods depends on the optical
properties of the analyte and it is more difficult for heterogeneous samples. Finally, the surface
area of nanoparticles can be determined by measuring the amount of nitrogen gas absorbed by
the dried particles.
Another important group of methods for the identification of the elementary composition are
mass spectrometry methods, which have also the highest sensitivity for the quantification of
elementary concentrations (Von der Kammer et al., 2012):
• mass spectrometry (inductively coupled plasma mass spectrometry (ICP-MS), inductively
coupled plasma optical emission spectrometry (ICP-OES))
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In both methods the sample is vaporized and the elements are ionized in an argon plasma. The
elements are then detected via mass spectrometry or via optical emission spectrometry. The
major disadvantage of these methods is that the nanoparticles have to be digested in acid prior
to the analysis. Thus, the information on the physical properties of the particles is lost and
moreover the background concentration of the analyzed elements in environmental samples has
to be considered.
2.4.2 Flow field-flow fractionation
Field-flow fractionation (FFF) is a separation method that can be applied to proteins, polymers
and particles. It was invented in the 1960s by Professor J. Calvin Giddings at the University of
Utah in Salt Lake City (Giddings, 1966) and further developed by him and his group during the
following decades until the 1990s. The theoretical fundamentals of the technique were established
in the 1970s. Giddings, who was an expert in the field of chromatography, invented FFF in order
to extend the range of chromatography from small molecules to macromolecules and particles (P.
R. Brown in Giddings et al., 1997) which is achieved in FFF due to the lack of a stationary phase
(Giddings, 1966). A number of different field forces is used for FFF, like thermal, gravitational,
electrical or flow forces. The basic principle of the separation is similar for all FFF subtechniques.
The sample is separated while being carried through a long, narrow channel with a laminar
carrier flow (Figure 2.8). A field force, which is applied perpendicular to the carrier flow, is
driving the sample components towards one wall of the channel (accumulation wall). According
to the degree of interaction of the sample components with the applied force, they will form
layers of different thickness l (L). The flow profile within the channel is parabolic and therefore
the flow velocity is slowest near the accumulation wall and faster towards the middle of the
channel. Sample components that are less retarded by the field force form diffusion clouds that
reach further into the channel and travel faster towards the detection unit (Giddings et al.,
1976b). This is described as the normal mode retention which is valid for particles <1 µm and
macromolecules (Giddings, 2000a). For particles >1 µm diffusion is too slow to be driven away
from the accumulation wall. Here the largest particles, which reach furthest into the parabolic
flow profile, are transported fastest and show the less retention. The theoretical framework of
FFF enables the determination of properties related to the retention of the analyte, such as
diffusion coefficient and hydrodynamic radius.
In flow field-flow fractionation (FlFFF), the separation force is established by a flow perpendic-
ular to the main flow direction (cross flow), separating the sample by the hydrodynamic size in a
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Figure 2.8: General principle of field-flow fractionation (FFF) channel and separation (not to scale).
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size range between 1 nm and 10 µm (Giddings et al., 1976b,a). There are two types, symmetric
and asymmetric flow FFF. In the symmetric flow FFF (SyFlFFF) the channel is equipped with
two permeable walls and the cross flow enters through one wall and exits through the opposite
wall (accumulation wall). The asymmetric flow FFF (AsFlFFF) has only one permeable wall
(accumulation wall) and the cross flow is established by extracting a part of the carrier liquid
through the permeable wall. FlFFF was introduced in the late 1970s (Giddings et al., 1976b,a)
and the asymmetrical flow FFF in 1987 (Wahlund & Giddings, 1987). Progress was made by
implementing a step for sample focusing and by optimizing the channel design with a trapezoidal
channel surface (Litze´n & Wahlund, 1991).
Today FlFFF is the most popular subtechnique (Wahlund, 2013), which is probably due to
its versatility. The separation is based on the diffusion coefficient only, the flow field interacts
with all types of particles or molecules equally (Giddings et al., 1976b) and has no molar mass
size limit (Giddings, 2000b). As Giddings stated in the FFF Handbook (Giddings, 2000a),
”a moving fluid is capable of displacing every unattached object in its path, from molecules to
battleships”. Additionally, the instrumentation of the FlFFF apparatus is relatively simple and
less expensive compared to the other FFF subtechniques (Giddings, 2000a). AsFlFFF, which is
even more simple in its setup is the FlFFF technique that was distributed commercially since
the 2000s, clearly dominates (Wahlund, 2013). It has been shown that although the cross flow
is asymmetric, it equals the cross flow of SyFlFFF within 10 % of the channel height, which
makes the same theoretical fundamentals also valid for AsFlFFF as long as retention is sufficient
(Wahlund & Giddings, 1987). In the following section, the theoretical fundamentals of FlFFF
will be explained in more detail. Please note that the term FlFFF will in the following be used
synonymously with AsFlFFF if not explicitly stated otherwise.
FFF Theory
As already pointed out above, the main variable that can be measured with FFF is the degree
of retention of a particulate substance or molecule compared to the a substance that is not
affected by the field force used for the separation. In FlFFF the retention depends on the
intensity of the field force used for the separation and the diffusion coefficient of the substance.
In the following section, first, the physical relationships between retention, which is measured
as retention time, and the diffusion coefficient will be described. Then the relationship between
the diffusion coefficient and the particle size will be defined, which can be used to calculate the
particle size from the retention time.
A parameter, which accounts for the degree of retardation of an analyte compared to an unre-
tained species induced by the field force is the retention ratio R (-). It can be expressed as ratio
of the void time t0 (T) and the retention time tr (T):
R =
t0
tr
(2.4)
The void time is the time when the peak of an unretained species appears in the detector signal
and it corresponds to the time that is necessary to exchange the geometrical volume of the
2.4. Detection and characterization of nanoparticles 29
channel, which is the void volume V0 (L3). The retention time is the time, at which the peak of
the analyte appears. Usually, the retention ratio lies between 0 and 1 and it is decreasing with
increasing retention of the analyte.
As was already described above, in FlFFF the separation takes place in a channel with a perme-
able bottom, which is covered with a membrane. Due to the field force, which in case of FlFFF
is the cross flow, the analyte is driven towards the membrane or accumulation wall, opposing
the diffusion of the particles, until both fluxes are in balance (Wahlund, 2013). The velocity U
(L T-1) of particles driven towards the accumulation wall is given as (Schure et al., 2000):
U =
VCrossw
V0
(2.5)
with volumetric cross flow rate VCross (M3 T-1) and channel channel height w (L).
According to the diffusion potential of the particles, an equilibrium concentration profile forms
at the accumulation wall with the characteristic thickness of the equilibrium diffusion layer l
(L), which can be written as the ratio of diffusion coefficient DDiff (L2 T-1) and the absolute
value of velocity U (L T-1):
l =
DDiff
|U | (2.6)
For AsFlFFF this relationship is valid within 10 % of the channel height (Wahlund & Giddings,
1987). The transport velocity of the sample will increase and hence the retention ratio decreases
with increasing diffusion layer thickness l. Thus, DDiff and U determine the degree of retention
and with these parameters the separation can be controlled. Since the diffusion coefficient
depends on the geometrical and size differences in the sample, the field force U can be used to
control the separation (Giddings et al., 1976a). From the parameter l the classical dimensionless
retention parameter λ (-) can be derived, which is given as (Wahlund, 2013):
λ =
l
w
(2.7)
In order to be able to link the measured retention time of an analyte to its physicochemical
properties, the standard retention equation can be used, which is given as (Grushka et al.,
1973):
R = 6λ(coth(1/2λ)− 2λ) (2.8)
With the measured retention ratio R, λ can be derived, which can then be used to calculate the
diffusion coefficient DDiff when combining equations 2.5, 2.6 and 2.7 to the following equation
(Wahlund, 2013):
DDiff = λ
VCrossw
2
V 0
(2.9)
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With the help of the Stokes-Einstein’s relationship, which is given as
DDiff =
kT
3piηvdH
(2.10)
with Boltzmann constant k (J K-1), Temperature T (K), viscosity ηv (M L-1 T-1) and hydrody-
namic particle diameter dH (L), finally the hydrodynamic particle diameter can be determined.
Several simplifications of the retention equation were proposed (Wahlund, 2013). One commonly
used simplification is the approximation (Schure et al., 2000):
R = 6λ (2.11)
which is valid for high retention and small l. In this case λ approaches 0 and the function
f(λ) = coth(1/2λ) − 2λ approaches unity, as can be seen in figure 2.9. The approximation is
valid within 5 % accuracy as λ < 0.02. In general, according to Wahlund (2013) retention may
be classified ”high”, as R is between 0.03 and 0.2.
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Figure 2.9: Graph of the function f(λ) = coth(1/2λ)− 2λ.
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Materials and methods
3.1 Materials
3.1.1 Engineered nanoparticles and chemicals
As TiO2NPs the commercially available product AEROXIDE® TiO2 P25 was purchased from
Evonik Industries AG (Essen, Germany). According to the manufacturer the product has a
purity of more than 99.5 %, a primary particle size of 21 nm and it consists of a mixture of
rutile and anatase. It was delivered by the manufacturer as a dry powder. The product is
also a National Institute of Standards and Technology (NIST) Standard Reference Material
(SRM) (SRM 1898) for the evaluation of the potential EHS risks associated with manufactured
nanomaterials and it was characterized by different independent laboratories. Characterization
of P25/SRM 1898 by X-ray diffraction (XRD) revealed an anatase fraction of 76±3 % and a
24±3 % fraction of rutile, whereas anatase shows a crystallyte size of 19±2 nm and rutile of
37±6 nm (National Institute of Standards & Technologies, 2012). For P25/SRM 1898 dispersed
in an aqueous phase the NIST reports the existence of nanoscaled aggregates and micro-scaled
agglomerates, whereas the latter may be eliminated by an optimized sonication procedure. After
optimized sonication the NIST reports mean particle diameters of around 71 nm measured by
LDS depending on the concentration and a mean diameter of around 112 nm determined by
DLS. Measurements with phase analysis light scattering of P25/SRM 1898 in aqueous solution
with an ionic strength of 10-3 mol L-1 revealed a positive zeta potential at pH values below 7 and
a negative zeta potential at pH values above 7. Some key properties of the material are listed
in table 3.1.
AgPURE-W10 AgNPs were purchased from ras materials GmbH (Regensburg, Germany). They
were delivered by the manufacturer as a stabilized 10 % w/w suspension. AgPURE is an official
Organisation for Economic Co-operation and Development (OECD) standard material (NM-
300 Silver) intended for measurement and testing for hazard identification, risk and exposure
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Table 3.1: Characteristics of the investigated AgNPs and TiO2NPs.
Property TiO2NP AgNP
Product Name P25 AgPURE
Manufacturer Evonik, Essen, Germany ras materials, Regensburg, Germany
Mean diameter as specified by manufacturer 21 nm 15 nm
Delivered form dry powder stabilized dispersion
Reference material name SRM 1898 NM-300 Silver
Organization NIST OECD
Mean diameter characterization 71 nma) 13.68 nm b) - 100 nm c)
a) dynamic light scattering (DLS), (National Institute of Standards & Technologies, 2012)
b) scanning electron microscopy (SEM), (Klein et al., 2011)
c) DLS, (Klein et al., 2011)
assessment studies (Klein et al., 2011). According to the manufacturer the nanoparticles have
a mean particle size of 15 nm. In the characterization report of the OECD a mean particle size
of 17.25 nm is given as measured by TEM with a smaller size fraction having a mean diameter
of 3-4 nm only visible at a higher magnification (Klein et al., 2011). Measurements with SEM
revealed a mean diameter of the AgNP of 13.68 nm. According to Klein et al. (2011), depending
on the dispersion medium, measurements with DLS resulted in mean diameters between 50 nm
and 70 nm, which correspond to hydrodynamic diameters. Zeta-sizer measurements revealed
hydrodynamic diameters of around 100 nm. After Klein et al. (2011) the silver particles are
stabilized by Polyoxyethlene Glycerol Triolate and Polyoxyethylene (20) Sorbitan mono-Laurat,
4 % w/w each with a concentration of 5 % in the stock suspension. Major key properties are
listed in table 3.1.
The surfactant mixture NovaChem100 was purchased from Postnova Analytics GmbH (Lands-
berg am Lech, Germany). It was used as a stabilizing agent for TiO2 samples and in the carrier
liquid for the FlFFF system. According to Thu¨nemann et al. (2009) this product is identical to
the product Fl-70 by Fisher Scientific (USA), which is according to Atta et al. (2004) an anionic
surfactant containing 3.0 % oleic acid, 3.0 % sodium carbonate, 1.8 % Tergitol, 1.4 % tetrasodium
ethylenediaminetetraacetic acid (EDTA), 1.3 % triethanolamine and 1.0 % polyethylene glycol.
Other chemicals, sodium chloride (NaCl, Merck KGaA, Darmstadt, Germany), sodium nitrate
(NaNO3, Sigma Aldrich, St. Louis, Missouri, USA), calcium nitrate (Ca(NO3)2, Merck KGaA,
Darmstadt, Germany), sodium pyrophosphate decahydrate (Na4O7P2·10H2O, Merck KGaA,
Darmstadt, Germany), Methanol (CH3OH, Methanol EMPLURA®, Merck Schuchardt OHG,
Hohenbrunn, Germany), 1 M sodium hydroxide (NaOH, Merck KGaA, Darmstadt, Germany),
concentrated nitric acid (65 % HNO3, Bernd Kraft GmbH, Duisburg, Germany), citric acid
(C6H8O7·2H2O, AppliChem GmbH, Darmstadt, Germany), sodium citrate (Na3C6H5O7·2H2O,
AppliChem GmbH, Darmstadt, Germany), sodium dithionite (Na2S2O4, VWR International
BVBA, Leuven, Belgium) sodium dodecyl sufate (SDS, NaC12H25SO4, Merck KGaA, Darmstadt,
Germany) glass wool and pH indicator paper (Rota®, VWR International BVBA, Leuven,
Belgium) were purchased via VWR International, Darmstadt, Germany.
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Latex size standards with mean diameters of 22 nm, 68 nm and 100 nm for size calibration of
the FlFFF, 10 kDa membranes made from regenerated cellulose and 30 kDa membranes from
polyvinylidene fluoride (PVDF) for the FlFFF channel, 11 mm teflon membrane filters with
0.1 µm pore size for the HPLC pumps and 47 mm Teflon membrane filters for eluent filtration
with 0.1 µm pore size were purchased from Postnova Analytics GmbH, Landsberg am Lech,
Germany, as well as the aqueous eluent filtration system with vacuum pump, vacuum flask,
glass filter holder and funnel (EMD Millipore Corporation, Billerica, Massachusetts, USA).
3.1.2 Porous media
Glass beads with a mean diameter of 300-400 µm were used as an inert reference medium. In
order to remove metal oxides and make the surfaces of the glass beads hydrophilic, the glass
beads were treated with a chemical washing procedure modified by Han et al. (2006) after Mehra
& Jackson (1958). 300 g of glass beads were soaked with 500 ml of a buffer solution containing
44.1 g L-1 sodium citrate (Na3C6H5O7 2H2O) and 10.5 g L-1 citric acid (C6H8O7) in a glass bottle
and kept over night in an oven at 80°C. Then 15 g of sodium dithionite (Na2S2O4) were added and
the bottle was handshaken over a time period of 15 minutes. The solution was then decanted and
the whole procedure was repeated three additional times. Finally, the glass beads were rinsed
with deionized water (DI water) until the electric conductivity of the water approached zero
and then dried in an oven at 105°C. Until they were packed into the columns for the transport
experiments, the glass beads were kept in a tight glass bottle.
Two different soils were sampled at two research fields of Ju¨lich Research Center. The first
sample was a loamy sand taken from the agriculturally plowed A horizon of a soil (Ap horizon
according to the German soil taxonomy), classified according to an internal report of Ju¨lich
Research Center as a gleyic cambisol. The sampling took place on August 4, 2011 at the test
field Kaldenkirchen-Hu¨lst, Germany, which is located at 51° 18’ 22”N and 6° 12’ 6”E. According
to the internal report of Ju¨lich Research Center the A horizon, which makes up the upper 33 cm
of the soil, was classified as a brown-black, weak humous and medium acidly, medium silty sand,
which consists of 74.25 % sand, 22.35 % silt and 3.4 % clay. The main characteristics of the soil
are listed in table 3.2. The clay fraction of the Kaldenkirchen soil contains the clay minerals
illite, montmorillonite and kaolinite (Liang et al., 2013a).
The second soil, a silty loam, was sampled on August 16, 2012 from the Ap horizon of an orthic
luvisol at the sampling site Merzenhausen, Germany. The coordinates of the sampling site are
50° 55’ 47”N and 6° 17’ 48”E. The Ap horizon, which reaches until 39 cm depth, is composed of a
medium clayey silt with 7.4 % sand, 78.2 % silt and 15.4 % clay, see also table 3.2. The mineralogy
of the soil was investigated by X-ray diffraction at the lab of the agricultural faculty of Bonn
University (Burkhardt, 2003). Main components are quartz and feldspar in the silt fraction and
quartz in the sand fraction. The clay fraction is composed of 70 % illite, 9 % chloride/vermicullite,
12 % kaolinite and 9 % of swellable illite-smectite alternations, see also table 3.3.
A sieving analysis according to DIN 18 123 (2011) was carried out for both soils to determine
the median grain diameter (d50 (L)), which is needed as input parameter for the mathematical
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Table 3.2: Characteristics of the soils investigated in transport experiments. If not noted otherwise the
data were taken from internal reports of the Ju¨lich Research Center. Bulk density, porosity and pore size
fractions relate to the in-situ stratification of the soils.
Parameter Unit Kaldenkirchen Merzenhausen
pH (0.01 M CaCl2) 5.435 7.2
Sand (63-2000 µm) % mass 74.25 6.4
Silt (2-63µm) % mass 22.35 78.2
Clay (<2 µm) % mass 3.4 15.4
Total organic matter % mass 1.1 1.3
Cation exchange capacity cmolc kg-1 7.8 11.4
Electrophoretic mobilitya m2 V-1 s-1 -2.70E-08 -3.20E-08
Bulk density g cm-3 1.435 1.57
Porosity % 47.15 46.3
Fraction of large pores % 30.9 12.9
Fraction of medium pores % 11.9 14.7
Fraction of fine pores % 4.35 18.7
a) Data adapted from Kasel et al. (2013b)
Table 3.3: Mineralogy and clay composition of the Merzenhausen soil determined by X-ray diffraction,
from Burkhardt (2003).
Fraction Mineralogy
Sand (6.4 %) quartz
Silt (78.2 %) 90 % quartz
feldspar
Clay (15.4 %) 70 % illite
9 % chloride/vermiculite
12 % kaolinite
9 % swellable alternation minerals (illite-smectite)
modeling. Prior to the assemblage of the soil material into the columns for the transport ex-
periments, the disturbed samples were gently oven-dried at 40°C and the fraction > 2 mm was
removed for transport studies.
3.2 Sample preparation
3.2.1 TiO2NP suspensions
The TiO2NP suspensions were prepared by dispersing the powder provided by the manufacturer
in a liquid medium. The preparation of stock suspensions that were diluted to the desired
concentrations was carried out after a protocol of the NIST (Taurozzi et al., 2011). The procedure
described in Taurozzi et al. (2011) was slightly modified insofar as lower concentrations and
higher quantities than reported in the protocol were prepared and that the suspensions were
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stabilized by the addition of 0.2 % v/v of the surfactant NovaChem100. Preliminary experiments
showed that the stability of TiO2NPs was increased by the addition of NovaChem100. The results
of the preliminary experiments are shown in chapter 4.2.2.
A stock suspension was prepared by weighing 125 mg of TiO2 powder, which was suspended
with 250 ml 0.2 % v/v NovaChem100 solution to yield concentrations of 0.5 mg ml-1. The No-
vaChem100 solution was prepared by filling up 2 ml of NovaChem100, which were measured
using a fine pipette with disposable tip, to 1 l in a volumetric flask with DI water that was fil-
trated through a 0.1 µl membrane filter. The stock suspension was thoroughly shaken to evenly
distribute the TiO2 agglomerates transferred into a beaker, which was put into a bath with ice
water and covered with aluminum foil to prevent evaporation. The suspension was then soni-
cated with a Sonoplus HD 2200 probe-type sonicator with titanium tip (Bandelin, Berlin) for
15 minutes at 50 W using an 80 % pulse mode.
The power delivered by the sonicator was calibrated following the procedure proposed in Tau-
rozzi et al. (2010). Briefly, in the calibration procedure an amount of water is sonicated for a
particular time at different power levels while the temperature rise of the water is monitored
with a temperature probe tip. The power delivered by each power level can be calculated after
the following formula (Taurozzi et al., 2010):
P =
dT
dt
MlCP (3.1)
with P (J M-1 K-1), acoustic power, T , temperature (K), t, time, Ml, mass of the liquid (M) and
CP , specific heat of the liquid (J M-1 K-1), which is 4.187 J g-1 K-1 for water. The data related to
the calibration is given in the appendix (table A.1, figures A.1 and A.2).
Calibration standards for the calibration of the FlFFF were diluted from the 0.5 mg ml-1 stock
suspension with 0.2 % v/v NovaChem100 to 100 ml batches of different concentrations ranging
three orders of magnitude. The resulting concentrations and dilution steps are indicated in table
3.4. The particular volumes of the stock suspension were transferred with volumetric pipettes
or a fine pipette with disposable tip respectively. The 100 ml stock batches of the calibration
standards were sonicated as described above. Prior to their use they were again sonicated for
several minutes. Then a small amount was taken for the calibration while the rest of the samples
was stored at 4°C in the refrigerator. The samples were kept for several months, but always
sonicated prior to their use.
3.2.2 AgNP suspensions
The AgNP were already delivered by the manufacturer as stabilized stock suspensions with an Ag
concentration of 10 % w/w. The stock suspension was diluted in the desired dispersion medium,
DI water or different concentrations of NaNO3 and Ca(NO3)2, to the desired concentration
and thoroughly handshaken. The dispersion media were always freshly prepared with DI water
that was filtrated through a 0.1 µm membrane filter prior to dilution of electrolytes. NaNO3
and Ca(NO3)2 powders were weighed on a fine balance and flushed into volumetric flasks with
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Table 3.4: Preparation of TiO2NP suspensions.
Sample type c Preparation Preparation
mg ml-1 calibration samples
Stock calibration samples 0.5 from powder
Calibration 0.1 from powder 20 ml of 0.5 mg ml-1 in 100 ml
Calibration 0.05 dilution 10 ml of 0.5 mg ml-1 in 100 ml
Calibration, FlFFF optimization 0.01 dilution 2 ml of 0.5 mg ml-1 in 100 ml
Calibration 0.005 dilution 1 ml of 0.5 mg ml-1 in 100 ml
Calibration 0.001 dilution 0.2 ml of 0.5 mg ml-1 in 100 ml
Table 3.5: Preparation of AgNP suspensions.
Sample Type c c Stock suspension 0.1 % suspension
% w/w mg ml-1 µl per 10 ml µl per 10 ml
Stock suspension 10 120
Transport experiments 0.005 0.06 10
Stock suspension for calibration samples 0.1 1.2 100
Calibration samples 0.01 0.12 1000
0.005 0.06 500
0.001 0.012 100
0.0005 0.006 50
0.0001 0.0012 10
the filtrated DI water and filled up to the measuring line after the crystals were completely
dissolved. Dilution of the AgNP stock suspension was carried out volumetric with a fine pipette
with disposable tip in a volumetric flask. Samples for transport experiments were diluted directly
from the stock suspension. Samples of different concentrations, which were used as calibration
standards for the FlFFF, were diluted from a stock suspension with a concentration of 0.1 % w/w.
The mixing ratios of the different samples for transport experiments and FlFFF calibration are
listed in table 3.5. Except for the calibration samples, which were stored over longer time periods
of several months to minimize the error caused by variation in the standard concentrations,
samples were always freshly prepared prior to their use and stored in closed glass flasks only
for short time periods at a temperature of 4 °C in the refrigerator in order to prevent bacteria
growth.
3.2.3 Colloid stability assessment
In preliminary experiments the long-therm stability of TiO2 and Ag suspensions with different
concentrations under different chemical conditions was examined. For the analysis of the col-
loid stability of TiO2NPs, 10 ml batches of TiO2NP suspensions were prepared with solutions
of different electrolyte concentrations, in particular 1 mM, 30 mM and 100 mM NaCl, 0.2 % v/v
NovaChem100 or DI water as dispersing medium. The samples were prepared at TiO2 concen-
trations of 0.01 mg ml-1, 0.1 mg ml-1 and 1 mg ml-1 according to the procedure described earlier
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(3.2.1). The samples were characterized several times over a period of 10 days with FlFFF to an-
alyze particle size distribution in the supernatant. The sampling height for the FlFFF sampling
was kept constant at all experiments with 4 mm above the bottom of the vial.
In order to investigate the colloid stability of the AgNPs, 45 ml batches of AgPURE were pre-
pared, diluted with different electrolyte solutions to a concentration of 0.06 mg ml-1. The elec-
trolyte concentrations were 1 mM, 10, mM, 100 mM and 500 mM NaNO3 and 1 mM, 10, mM,
100 mM and 500 mM Ca(NO3)2. The samples were visually examined for aggregation and sub-
sequent sedimentation phenomena over a time period of several weeks.
3.2.4 Soil leachate
Partly AgNP spiked soil leachate samples were prepared in order to test the procedure for sep-
arating natural and engineered nanoparticles with FlFFF. To achieve a solid to liquid ratio of
1:1.25, 14 g of soil were mixed with 35 ml of liquid in 50 ml centrifuge tubes made of polypropy-
lene. The liquid was either DI water or a suspension of AgPURE in DI water with a concentration
of 0.06 mg ml-1. The samples were shaken with an overhead shaker for 15 h with 8 rotations per
minute. After letting the samples settle for some minutes the supernatant was decanted and
centrifuged for 15 min with 3000 revolutions per minute. The resulting supernatant was then
used for further analysis with FlFFF.
3.3 Transport experiments
3.3.1 Column assembly
The columns that were used for the transport experiments were designed to meet different
demands. On the one hand, the minimum dimensions for a soil column are given in DIN 19528
(2009), which asks for an inner diameter that corresponds to at least the double maximum grain
size of the soil and a length, which corresponds to four times the inner diameter. On the other
hand, a small volume of the column is of advantage to keep the duration of the experiments short.
With an inner diameter of 26 mm, a length of 15 cm and a volume of roughly 80 ml the demands
of DIN 19528 (2009) are fulfilled and considering a maximum porosity of 50 % the pore volume
of maximal 40 ml is not too large. The borosilicate glass columns, which were purchased from
GVB GmbH (Herzogenrath, Germany), were each sealed with two plastic end pieces that were
crafted by the workshop of the Chair of Geotechnical Engineering, RWTH Aachen University.
The cubic end pieces were equipped with a drilled hole with an o-ring for the glass tube and
a tubing port on the other side. The end pieces were fixed to each other with the help of four
metal rods that were driven through bore holes in the corners of the cubes and attached with
wing nuts. A detailed sketch of the column assembly is given in the appendix (Figure A.3).
For the transport experiments the materials described in section 3.1.2 were packed into the
columns with a procedure modified from DIN 19528 (2009). The columns were wet packed in
the direction opposite to the flow direction. DIN 19528 asks for dry packing. However, for the
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purpose followed here wet packing was more suitable in order to achieve a good water saturation
of the soil and a thorough settling of the soil material. Prior to the packing procedure the glass
tubes were sealed at one end with an end piece, which was the future column outlet and then
fixed to a stand. A 5 cm piece of polyethylene tubing (2.54 mm inner diameter) with a three-way
valve (Discofix® C, B. Braun Melsungen AG, Melsungen, Germany) was attached to the end
piece. Bottom and top of the columns were packed with a layer of quartz wool, 0.2 g on each
side, to prevent small soil particles from being washed out of the column and clog the tubing.
After the quartz wool was inserted, the soil material was filled in in layers of around 1 cm. For
compaction of the soil material each layer was first soaked with DI water, then adjusted and
degassed with some careful hits of a rubber mallet against the glass and finally settled by letting
the column drain through the three-way valve. If necessary the soil was additionally compressed
by weakly pressing with a wooden pestle. After the column was completely packed with soil
material the quartz wool for the inlet was inserted and the other end piece was mounted. After
carefully attaching the end pieces with the wing nuts the column was turned around for the flow
direction of the transport experiments was bottom to top to enable air bubbles to escape during
the saturation of the column. The dry mass of material packed into the column was determined
by weighing the container before and after the packing procedure. A 5 cm piece of tubing with a
three-way valve was attached to the column inlet to completely seal the column when no liquid
flow was applied. The column outlet was equipped with a tubing of several centimeters and
closed with a hose clip when the column was not in use.
3.3.2 Hydraulic conductivity determination
The hydraulic conductivity of each packed column was determined with the falling head test
according to DIN 18130-1 (1998). The column inlet was connected to a standpipe filled with
degassed DI water that was placed on a rack at a certain measured elevation above the soil
column and the reference level as sketched in figure 3.1. Degassing of the DI water was achieved
by placing it in an ultrasonic bath (UR 1, Retsch GmbH, Haan, Germany) in a beaker for several
minutes prior to the experiment. The column was then streamed through due to the hydraulic
head. After the columns were completely saturated and no air bubbles were visible at the column
outlet anymore, the height difference ∆h (L) of the falling head in the standpipe was measured
several times after a certain time interval that was chosen according to the permeability of the
soil materials and the resulting flow rate. For the glass beads and Kaldenkirchen soil ∆h was
measured in 5-minute intervals, for the Merzenhausen soil the time intervals were several hours.
According to DIN 18130-1, the hydraulic conductivity K (L T-1) can be calculated with the
following equation:
K =
a · l0
A · t ln
h1
h2
(3.2)
where a (L2) is the cross-sectional area of the standpipe, l0 (L) the length of the soil sample,
A (L2) the cross-sectional area of the soil sample, t (T) the duration of the measurement, h1
(L) the elevation of water above the lower water table (figure 3.1) at the beginning of the
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Figure 3.1: Experimental principle of the falling head test for the determination of the hydraulic con-
ductivity K.
measurement period and h2 (L) the elevation of water above the lower water table in the end of
the measurement period.
The values of h1 and h2 can be calculated as follows. The height difference between the reference
level (here: the laboratory bench) and the reference point of the scale is defined as h0 (L). The
heights h1s and h2s (L) as indicated in figure 3.1 can be read from the scale on the standpipe.
The difference between the elevation of the upper water table of the soil column and the reference
level is hUW (L). The variables h1 and h2 can be calculated by the following equation for the
i-th measurement:
hi = h0 + his − hUW (3.3)
The hydraulic conductivity K was calculated for each time-step and for the overall duration and
∆h of the experiment. The mean of the different time-step K values and the overall K value
were finally compared to verify steady-state conditions of the experiments.
3.3.3 Solute and AgNP transport experiments
During the transport experiments with AgNPs in disturbed soil columns different boundary
conditions were varied to examine their effect on the transport of nanoparticles in soils. Those
boundary conditions were fluid velocity and chemical composition of the background solu-
tion. The flow rate was altered between 0.15 ml min-1 and 1 ml min-1 in glass beads, between
0.02 ml min-1 and 2 ml min-1 in the loamy sand soil and due to its low permeability a flow rate
of approximately 0.02 ml min-1 was applied for the silty loam soil. Additionally, for the loamy
sand soil the chemical composition of the background solution was altered using different con-
centrations of NaNO3 and Ca(NO3)2 as electrolyte and DI water as a reference. An overview of
the conducted experiments is provided in table 3.6.
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Table 3.6: Overview of boundary conditions of the column experiments with AgNPs. All injected AgNP
suspensions had an approximate concentration of 0.06 mg ml-1.
Material flow rate vF electrolyte concentration replications Experiment No
ml min-1 cm min-1 mM n
Glass beads 0.2 0.038 NaNO3 10 3 GB-04, GB-05, GB-06
1 0.188 NaNO3 10 3 GB-01, GB-02, GB-03
Kaldenkirchen 1 0.188 DI water 0.01 1 KDK-15
0.02 0.004 NaNO3 10 1 KDK-09
0.2 0.038 NaNO3 10 3 KDK-04, KDK-05, KDK-06
1 0.188 NaNO3 10 3 KDK-01, KDK-02, KDK-03
2 0.377 NaNO3 10 2 KDK-08, KDK-14
1 0.188 NaNO3 50 1 KDK-10
1 0.188 Ca(NO3)2 1 1 KDK-11
2 0.377 Ca(NO3)2 1 1 KDK-07
1 0.188 Ca(NO3)2 10 1 KDK-12
1 0.188 Ca(NO3)2 50 1 KDK-13
Merzenhausen 0.02 0.004 DI water 0.01 1 MZH-01
A peristaltic pump (IPC, ISMATEC, Wertheim, Germany) was connected to the three-way
valve at the column inlet to establish fluid flow through the column as sketched in figure 3.2.
Eluate fractions of approximately 6 ml were collected at the column outlet using vials for the
nanoparticle suspension or small beakers for salt solutions. During the nanoparticle transport
experiments the columns were wrapped with aluminum foil to exclude a photocatalytical ef-
fect on the nanoparticles. Each column was first conditioned with several pore volumes of DI
water. Prior to the NP injection the columns were conditioned for several pore volumes with
the background solution used in the following experiment. For the tracer experiments and NP
experiments respectively after conditioning of the column 3 pore volumes of the solute or NP
suspension were pumped through the columns. Then the pump was stopped and the columns
were flushed for 3 pore volumes with DI water for solute transport and with the corresponding
background solution for NP transport. The pore volume was approximated roughly by multiply-
ing the volume of the soil column with the effective porosity ne (-), which was calculated after
the following equation:
ne = 1− ρb
ρ
(3.4)
with bulk density ρb (M L-3), which was calculated by dividing the amount of material packed into
the column by the column volume, and density ρ (M L-3) that was very roughly approximated
with the value 2.4 g cm-3, which is the density of the glass beads as declared by the manufac-
turer. The approximated pore volumes were typically between 30 ml and 35 ml. The volume
of the eluate fractions was determined volumetrically for the solute transport experiments and
gravimetrically for the NP experiments. With the information about the eluted volume and the
corresponding time, the actual volumetric flow rate for each time step and the mean flow rate
of the experiment were calculated. The corresponding specific discharge was derived by division
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Figure 3.2: Experimental setup of the column experiments.
with the area perpendicular to the flow direction (5.31E-04 m2) and the flow velocity by dividing
the specific discharge by the effective porosity of the porous media. In order to accomplish the
tracer breakthrough curves (BTCs), the sodium chloride concentration was determined by mea-
suring the electric conductivity and temperature with a portable conductivity meter (Cond 3110,
WTW GmbH, Weilheim, Germany) and calculating the sodium chloride concentration with the
help of a linear calibration that was carried out by measuring the electrical conductivity of NaCl
solutions of different concentrations. The calibration curve is given in the appendix (figure A.7).
The AgNP concentration for obtaining the breakthrough curve and the particle size distribution
were determined by characterizing the eluate fractions with FlFFF. Prior to the analysis the
samples were stored at 4°C in the refrigerator to prevent bacteria growth.
3.3.4 Analysis of column
In order to measure the retention profiles (RPs) in the columns, the soil material was dissected
in 1 cm increments and placed in plastic centrifuge tubes following the transport experiments.
After determining the wet weight of the increments they were oven-dried at 40°C and their dry
weight was determined. The soil increments, with a dry mass of around 7-8 g, were soaked with
approximately 20 ml concentrated nitric acid (HNO3), transferred to a round bottom flask and
boiled in a sand bath for at least 2 h under constant stirring with a magnetic stirrer and the
use of a reflux condenser. After cooling the mixture was filtrated over a Witt’s bottle into a
volumetric flask to a fixed volume of 50 ml by flushing with DI water. The resulting solutions
were analyzed for Ag concentration with ICP-OES at the Institute of Mineralogy and Economic
Geology, RWTH Aachen. The Ag concentration was measured with an ICP-OES Optima 2000
from PerkinElmer (Waltham, Massachusetts, USA) at a wavelength of 328.068 nm. The detection
limit was approximately 0.01 mg l-1.
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3.4 Flow-field flow fractionation (FlFFF)
3.4.1 System setup
For the sample characterization with AsFlFFF an AF2000 MT coupled to a PN3211 UV-Vis
detector and a PN3070 MALS MALLS detector was used. All components of the system as well
as the detectors were purchased from Postnova Analytics GmbH, Landsberg am Lech, Germany.
The AF2000 is equipped with an asymmetrical channel with a glass plate as impermeable upper
channel wall or top block and a permeable frit embedded in the bottom block covered by a
semipermeable membrane as accumulation wall or channel bottom. A spacer with a thickness
of 350 µm, which is placed between both blocks, was used for the analyses. The blocks are fixed
to each other with stainless steel screws, which are tightened with a force of 6 Nm. The surface
area of the channel measures 32.775 cm2. Under the assumption that the channel thickness is
reduced by about 10 % due to the compressibility of the membrane (Wahlund, 2013), the channel
volume can be assumed to result in 1.032 cm3. Figure 3.3 shows a sketch of the geometry of the
channel as top view (a) and profile view (b). The detailed channel setup with positions of the
inlets and outlets of the different flows is shown in figure 3.5. The assemblage of the different
components of the system is shown in figure 3.4. The channel is placed inside a channel oven
(PN2040), which allows temperature control between 5°C and 90°C.
Before the solvent enters the system, it is treated in a degasser to remove air bubbles, which
might disturb the measurement. Prior to their feed into the system all solvents were filtrated
with a Milli Pore filtration system over membrane filters with a pore size of 0.1 µm. While the tip
and focus flow were established with HPLC pumps (PN1130), the cross flow was extracted from
the channel with a syringe pump that is placed in the main block of the machine, the AF2000
module. Excessive solvent can be extracted from the channel with an additional syringe pump
(SLOT pump, PN1610) via the purge valve in order to amplify the detector signal. The opened
purge valve leads directly to the waste. Opening the purge valve leads to an immediate pressure
reduction within the system. The sample can be inserted with the manual injection valve, which
is equipped with a 18.7 µl sample loop or with an autosampler (PN5300). The 100 µl sample
loop of the autosampler allows part fill injections of sample amounts between 5 µl and 50 µl or
full loop injections of 100 µl. The sample tray used with the autosampler provides places for 24
sample vials with a capacity of 10 ml or 48 vials with a capacity of 1 ml.
Between channel and detectors a backpressure tubing of several centimeters and a particular
diameter is inserted in order to control the channel pressure, which should for an optimal sepa-
ration result always be between 4 bar and 15 bar. A sensor for the system pressure is installed
within the AF2000 module. The HPLC pumps are also equipped with pressure sensors. In
case of overpressure, either in one of the HPLC pumps or in the AF2000 module, the system
is programmed to stop all flows and open the purge valve automatically in order to protect the
pressure sensitive system. The system is controlled with the AF2000 software from Postnova
Analytics GmbH, Landsberg am Lech, Germany.
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Figure 3.3: Top view and profile view (vertically exaggerated) of the separation channel of the asymmet-
rical flow field-flow fractionation (AsFlFFF).
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Figure 3.4: Setup of the AF2000 flow field-flow fractionation (FlFFF) module (Postnova Analytics
GmbH, Landsberg am Lech, Germany).
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Figure 3.5: Exploded view of the AF2000 channel setup.
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3.4.2 Maintenance
The AF2000 is equipped with several wearing parts that need to be exchanged regularly. Both
HPLC pumps are equipped with an inline filter with a filter membrane, which has to be ex-
changed at least once a week or in case of over pressure. The permeable membrane in the
channel was exchanged after 100 sample injections unless poor measurement qualities indicated
an overloading of the membrane with sample. In this case it was removed earlier. The whole sys-
tem was cleaned weekly with a cleaning solution prepared with 0.2 M NaOH and 2 g L-1 sodium
dodecyl sulfate (SDS) to remove bacteria and impurities. In order to prevent bacteria growth,
the system was flushed with 10 % methanol if not used for longer than one day.
3.4.3 Separation process
The separation process is carried out in different steps where tip flow, focus flow and cross
flow are varied. The detector flow or channel outlet flow is maintained constant over the whole
measurement process with 0.5 ml min-1. This is achieved by keeping the equation
VT ip + VFocus − VCross = VDetector (3.5)
constant, with tip flow rate VT ip (L3 T-1), focus flow rate VFocus (L3 T-1), cross flow rate VCross
(L3 T-1) and detector flow rate VDetector (L3 T-1). Particularly this means, as focus flow or cross
flow are varied, the tip flow is adapted respectively.
In a first step of the measurement procedure, the focus step, the sample is injected into the
channel with the tip flow and focused close to the channel inlet by the focus flow acting in
opposite direction to the tip flow. The point where tip flow and focus flow meet is called focus
point. At the same time the cross flow is run at its initial flow rate. The focus step allows all
sample components to form a steady state distribution close to the accumulation wall, a process
called relaxation. In figure 3.6 (1) flow rates and sample behavior during this step are visualized.
The duration of the focus step has to be adapted to sample amount and type in order to grant
the complete injection and relaxation of the sample. In the end of the focus step, the so called
transition time, the focus flow is reduced to zero and the tip flow is increased respectively to
maintain a constant detector flow rate.
In the second measurement step, the elution step, the focus flow is turned off and the sample
is carried towards the detectors by the tip flow as illustrated in figure 3.6 (2a). During this
step the cross flow is decreased over time by applying different power gradients in order to allow
larger particles to elute, see figure 3.6 (2b). The cross flow gradient is useful to achieve a shorter
separation duration and to improve the resolution.
The third step, rinse step, is an optional step where the channel is flushed with carrier liquid in
order to remove sample leftovers and impurities from the channel. Optionally the purge valve
can be opened, the pressure release makes it possible to flush at higher flow rates. The rinse step
was always programmed after each measurement when an automatic sequence of measurements
was run.
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Figure 3.6: Principle of flows and sample behavior in the separation channel during the focus step and
the elution step.
As already pointed out in chapter 2.4.2, the most important factor for controlling the retention
times of the different sample components is the cross flow, which should be adapted according to
the largest sample components. Detector flow and all other flow rates can be adapted according
to the selected cross flow rate. Here care should be taken that the separation takes places within
the optimal pressure range of 4 bar to 15 bar. For samples with low concentrations the injection
volume can be increased to amplify the detector signals. Injections of up to 10 ml are possible
if a suitable injection loop is used. However, larger injection volumes result also in longer focus
times. When the SLOT pump option is used to further amplify the detector signals, the flow
rates have to be adapted due to the associated pressure release in order to keep the separation
pressure within the optimal range.
Another important issue is the choice of carrier liquid and membrane material. The chemical
composition of the carrier liquid affects interactions between sample components and sample
components with the membrane. Also the membrane material affects the interactions between
sample and membrane. Hence, for each sample type an optimal combination of carrier liquid
and membrane material has to be figured out in order to achieve a good separation and a high
sample recovery.
For the separation of the TiO2NP and AgNP the cross flow rate, carrier liquid composition and
membrane material were optimized step by step. The cross flow was varied between 1 ml min-1
and 2 ml min-1. Injection volume was varied between 10 µl and 50 µl. The following carrier
liquids were tested: DI water, sodium chloride solution, 0.05 % v/v and 0.2 % v/v NovaChem100
solution, 0.05 % w/v sodium pyrophosphate (SPP) solution and 10 % v/v methanol solution.
The material most commonly used for membranes is regenerated cellulose with a 10 kDa cut-off.
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However, also a new membrane material, PVDF with a 30 kDa cut-off, which is more smooth
than regenerated cellulose was tested during the method optimization.
The following methods were used for the nanoparticle characterization after the optimization
process. For TiO2NP 0.2 % v/v NovaChem100 solution was used as carrier liquid and regenerated
cellulose was used as membrane material. The initial cross flow was 2 ml min-1. The focus step
with an initial tip flow of 0.2 ml min-1 and an initial focus flow of 2.3 ml min-1 had a duration of
four minutes. During a transition time of one minute the focus flow was decreased to zero and
the tip flow was increased to 2.5 ml min-1. After one minute with constant flows the cross flow
was reduced with a 0.3 power gradient during the following 10 minutes down to 0.15 ml min-1
and with a 0.7 power gradient for the next 5 minutes to reach a flow rate of 0.1 ml min-1. The
tip flow was decreased respectively to maintain a constant detector flow of 0.5 ml min-1. During
the last 30 minutes of the measurement flows were kept constant. TiO2NP were detected with
the UV-Vis detector at a wavelength of 254 nm and for some experiments at 280 nm. Absolute
particle sizes were measured with the MALLS detector.
For AgNP 10 % methanol was used as carrier liquid and regenerated cellulose as membrane
material. The initial cross flow was 1.5 ml min-1, the focus flow during the focus step 1.8 ml min-1
and the tip flow 0.2 ml min-1. After one minute transition time and one minute of constant flows
the cross flow was decreased with a power gradient of 0.3 to 0.15 ml min-1 over the next 10
minutes and then with a power gradient of 0.7 to 0.1 ml min-1 for the following 5 minutes, the
tip flow was adjusted respectively. The flows were then kept constant for another 15 minutes.
AgNP were detected with the UV-Vis detector at a wavelength of 400 nm. Due to the optical
properties of Ag it was not possible to detect AgNP with the MALLS detector. However due
to the specific absorption maximum of Ag around the wavelength of 400 nm the detection with
UV-Vis spectroscopy was very effective.
3.4.4 Calibration
The UV-Vis detector was calibrated for the detection of the sample concentration using different
dilutions of the NP samples. For TiO2NP and AgNP five samples with different concentrations
spanning three orders of magnitude were prepared as standards respectively. The samples were
then injected into the FlFFF system using a method with only the tip flow turned on with a flow
rate of 0.5 ml min-1. This ensures that the sample is not disturbed by the cross flow and driven
towards the accumulation wall but may pass the channel and reach the detectors completely
and without retention. Each sample was injected with this method three times with a quantity
of 20 µl respectively. With the help of the AF2000 software a value equivalent to the peak area
could be calculated from the UV-Vis peaks. Those values were plotted against the particular
NP masses contained in the injected samples and a calibration curve was fitted. The slope
of the curve is the calibration coefficient, which can be used to calculate the concentration of
unknown samples. The calibration was controlled regularly at least with one sample because the
power of the lamp used in the UV-Vis detector is decreasing over time. The detection limit was
determined to be 2.95E-04 mg ml-1.
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Size detection was calibrated using a mixture of latex size standards with 11 nm, 34 nm and
50 nm in radius. For the size calibration of the MALLS detector the latex mixture was separated
with a method where the cross flow was kept constant. This enables a clear separation of
the standard mixture with three independent size peaks. The different angles of the detector
were then normalized to the signal of the 90°angle for the 11 nm peak. The normalization was
controlled with the peaks of the other two size fractions.
For the determination of the particle size by retention time a relative calibration was carried
out. This was necessary to determine the size distribution of AgNP samples that could not
be analyzed with the MALLS detector. For the relative calibration the standard mixture was
separated with the same method usually used for the NP samples. Plotting the radii of the
standard size fractions against the retention times of the particular size fractions yielded a linear
retention/size function that was used for calculating radii from retention times.
3.5 Supporting analytical methods
3.5.1 Scanning electron microscopy (SEM)
SEM was applied to characterize the NP samples and to examine the soil samples after transport
experiments for retained NP. SEM analysis was carried out at the Central Facility for Electron
Microscopy at RWTH Aachen University. The NP were investigated for their particle size and
habitus. Additionally energy dispersive X-ray spectroscopy (EDX) was applied to determine the
chemical composition of the samples.
3.5.2 Dynamic light scattering (DLS)
Hydrodynamic diameters and zeta potential of the NP at different ionic strengths and pH values
were analyzed with DLS at the Institute of Physical Chemistry of RWTH Aachen University.
The analysis was carried out with a Malvern Zetasizer Nano ZS and a Malvern MPT-2 for
titration with 2 M HNO3 and 0.1 M NaOH for pH adjustment.
PH dependent measurements were carried out for AgNPs with a concentration of 0.06 mg ml-1
in DI water, 10 mM NaNO3 and 1 mM Ca(NO3)2 as dispersing medium and for TiO2NP with a
concentration of 0.01 mg ml-1 in a 0.2 % v/v NovaChem100 solution as dispersing medium.
3.6 Transport modeling
3.6.1 Mathematical modeling
For characterizing the hydraulic properties of the packed soil columns the tracer BTCs were
inversely modeled using the CXTFIT code (Toride et al., 1999). The code uses an analytical
solution to a one-dimensional formulation of the ADE for the transport of solutes in porous
media and it was used to estimate the pore water velocity va (L T-1) and the hydrodynamic
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dispersion coefficient DDisp (L2 T-1). With the calculated value for va and the specific discharge
vf (L T-1) that was measured throughout the experiments, the porosity ne (-) was calculated
using the following relationship:
va =
vf
ne
(3.6)
The longitudinal hydrodynamic dispersivity αl (L) of the packed columns was inversely fitted to
the tracer BTCs using the HYDRUS-1D software package (Simunek & van Genuchten, 2008).
The finite element algorithm uses a Marquardt-Levenberg nonlinear least square optimization
routine for inversely fitting the parameters of the ADE to experimental breakthrough and re-
tention data.
A modified formulation of the ADE is implemented in the HYDRUS-1D code that can account
for the transport and retention of colloids, viruses and bacteria. This model was used to quan-
titatively describe the transport and deposition of the AgNPs by fitting the parameters of the
ADE to the experimental BTCs and, where data was available, the RPs. The ADE is given as
∂θC
∂t
+ ρb
∂S
∂t
=
∂
∂x
(
θDDisp
∂C
∂x
)
− ∂vfC
∂x
(3.7)
where θ (-) is the volumetric water contents, t is time (T), ρb (M L-3) is the bulk density of the
porous medium, S (M M-1) is the solid phase particle concentration, x is the spatial coordinate
(L), DDisp (L2 T-1) is the hydrodynamic dispersion coefficient, C (M L3) is the particle concen-
tration in the aqueous phase and vf (L T-1) the specific discharge. The solid phase particle mass
balance can be written as:
ρb
∂S
∂t
= θkaψC − kdρS (3.8)
Where ka (T-1) is the first-order attachment coefficient, kd (T-1) is the first-order detachment
coefficient and ψ (-) is a dimensionless colloid retention function that is given as
ψ =
(
1− S
Smax
)(
dc + x
dc
)−β
(3.9)
Smax (M M-1) is the maximum solid phase particle concentration, dc (L) is the mean grain
diameter of the porous medium and β (-) is an empirical variable, which controls the shape of
the retention profile.
The colloid retention function ψ enables the implementation of different time and depth depen-
dent retention models, which allows the prediction of BTCs that may be symmetric or asymmet-
ric and RPs that may be exponential, uniform or hyperexponential with depth (Bradford et al.,
2006). The first term on the right hand side of equation 3.9 accounts for the time dependent
filling and subsequent blocking of attachment sites based on Langmuirian dynamics (Adamczyk
et al., 1995). The time dependent retention (TDR) model considers a time dependent decrease of
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the attachment rate when attachment sites are filling up, which leads to an increasing transport
with time manifesting in a delayed rise of the BTC and in a deposition profile that becomes
uniform as all attachment sites are filled and S approaches Smax. On the other hand, as Smax
is large, the term approaches 1 and time dependent retention is not considered. Typical BTCs
and RPs for time dependent retention behavior are given in figure 3.7 where BTCs and RPs
considering time dependent retention were simulated with a high and a low attachment rate ka
(dotted blue lines). The soil parameters in this simulation were chosen to fit to the properties of
the loamy sand, with ne = 0.5, K = 3.0E-05 m s-1, αl = 1.00E-03 m, ρ = 1.5 g cm-3, dc = 1.20E-
04 m. The model parameter ka was always 1.00E-04 s-1 except for the ”high ka” TDR model,
where ka was 1.00E-03 s-1, kd was 1.00E-04 s-1 in the model considering detachment, Smax was
1.00E-07 in the TDR model and β was 0.765 in the DDR model
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Figure 3.7: Examples for breakthrough curves (BTCs) and retention profiles (RPs) for different formu-
lations of the advection dispersion equation (ADE) considering attachment, attachment-detachment, time
dependent retention and blocking of attachment sites (TDR) and depth dependent retention (DDR).
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The second term on the right hand side of equation 3.9 accounts for depth dependent retention
(DDR). According to Bradford et al. (2003) depth dependent retention is related to mechanical
straining that occurs due to the hydrodynamic conditions at the column inlet. With β > 0 depth
dependent retention is predicted and the higher the values of β, the more pronounced the depth
dependence. Thus, this term allows the prediction of hyperexponential deposition profiles, shown
as blue line in figure 3.7. No depth dependent retention is predicted if β = 0, setting this term
1. The HYDRUS-1D code includes an additional option that allows the simultaneous modeling
of time and depth dependent retention (T + DDR). Because the depth dependent retention
does generally not manifest in the shape of the BTCs, it is only practical to use those model
formulations if data on the retention of the particles in the column is available. An exponential
distribution of deposited particles with depth, which is in accordance with conventional filtration
theory, is predicted as ψ is set 1 (attachment model, red curve in figure 3.7). The parameters
of the different model formulations, conventional attachment-detachment (AD) (ka, kd), time
dependent retention (ka, kd, Smax), depth dependent retention (ka, kd, β) and time and depth
dependent retention (ka, kd, Smax, β), were fitted to the experimental BTCs of AgNPs and where
RP data was available, the models considering depth dependent retention were simultaneously
fitted to BTC and RP.
3.6.2 Approximations according to filtration theory
The experimental breakthrough data can be employed for the approximation of the parameters
of the classical filtration theory such as the single collector efficiency η (-), the collision efficiency
α (-) and the attachment rate ka (T-1). Furthermore, with the determination of these parameters
the maximum transport distance Lmax (L) can be estimated.
For this purpose the single collector efficiency η (-) was approximated with the correlation
equation proposed by Tufenkji & Elimelech (2004b). In this approach the overall single collector
efficiency η0 (-), which describes the ratio of particles flowing towards the collector and particles
colliding with the collector, is calculated as the sum of the single collector efficiency for diffusion
ηD (-), interception ηI (-) and sedimentation ηG (-):
η0 = ηD + ηI + ηG (3.10)
With
ηD = 2, 4A
1/3
S N
−0,081
R N
−0,7159
Pe N
0,052
vdW (3.11)
for the transport by diffusion, with Happel parameter AS (-), a porosity depending parameter,
NR (-), the aspect ratio between collector and particle, NPe (-), the Peclet number, which
accounts for the ratio of advective transport to diffusive transport and NvdW (-), the van der
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Waals number characterizing the ratio of van der Waals interaction energy and the particle’s
thermal energy,
ηI = 0, 55ASN
1,675
R N
0,125
A (3.12)
for the transport by interception, with NA (-), the attraction number, which represents the
combined influence of van der Waals attraction forces and fluid velocity on the particle deposition
rate due to interception and
ηG = 0, 22N
−0,24
R N
1,11
G N
0,053
vdW (3.13)
for gravitational transport with the gravity number NG (-), which describes the ratio of Stokes
particle settling velocity to approach velocity of the fluid. The calculation of the dimensionless
parameters is described in detail by Tufenkji & Elimelech (2004b). For calculating the single
collector efficiency of the transport experiments, the particle diameters measured with FlFFF
in the column effluents were used as input. The approach velocity was determined during the
experiment and the porosity was derived from the numerical modeling of the tracer BTC as
described above. Further variables and constants that were used for solving the correlation
equations are given in table 3.7. The diffusion coefficient in an infinite medium DDiff (L2 T-1),
which was needed to calculate the Peclet number was determined after the Stokes-Einstein
equation, which is given as:
DDiff =
kBT
6piµR0
(3.14)
The Peclet Number NPe (-) was calculated after the following equation:
NPe =
vfdc
DDiff
(3.15)
with specific discharge vf (L T-1) and collector diameter dc (L).
The single collector efficiency can be used to determine the collision efficiency α (-), which
describes the ratio of particles colliding with the collector and the particles attaching to the col-
lector, based on experimental breakthrough data from column experiments Tufenkji & Elimelech
(2004b):
α = −2
3
dc
(1− ne)Lη0 ln(CBT /C0) (3.16)
with porosity ne (-), transport distance L (L), maximum breakthrough concentration CBT
(M L-3) and concentration of the input suspension C0 (M L-3). With η and α the particle at-
tachment rate ka can be calculated with equation 2.3. If equation 3.16 is rearranged to L and
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Table 3.7: Variables and constants used for the approximations according to the classical filtration theory.
Variable Symbol Value Unit
Variables
Temperature T 293 K
Particle density ρp 10000 kg m -3
Fluid density ρf 1000 kg m -3
Transport length L 0.146 m
Dynamic viscosity µ 0.001 kg m-1 s-1
Constants
Gravity g 9.81 m s-2
Boltzmann constant KB 1.38E-23 J K-1
Hamaker constanta AH 1.30E-20 J
the term ln(CBT /C0) is set to ln(0.01) assuming that 99 % of the nanoparticles were deposited,
it can be used to estimate the maximum transport distance:
Lmax = −23
dc
(1− f)αη0 ln(CBT /C0) (3.17)

4
Characterization of the experimental
system
Basic information about the characteristics of the examined nanoparticles and porous media are
crucial for the interpretation of the processes that occur during the transport of the nanopar-
ticles through the porous media. In the following chapter, first the process and results of the
implementation of FlFFF as a technique for the characterization of engineered nanoparticles will
be described. Then the most important physicochemical properties of AgNPs and TiO2NPs and
the physicochemical and hydraulic properties of the porous media will be presented.
4.1 Implementation of FlFFF
One necessary condition that had to be fulfilled in order to follow the intended experimental
procedures was the implementation of FlFFF as a technique to characterize the nanoparticle
samples before and after the transport through the soil matrices. A successful qualitative and
quantitative characterization of nanoparticles had to be accomplished. The implementation was
successful for the characterization of AgNPs and also for the distinction between AgNPs and
natural nanoparticles, but a satisfactory quantitative characterization of TiO2NPs could not be
achieved. For this reason, TiO2NPs were not further investigated in transport experiments. In
the following section it will be demonstrated how the FlFFF technique was successfully optimized
for AgNPs and how or why the implementation failed for the TiO2NP characterization.
4.1.1 Calibration
For the calibration of the UV-Vis detector, which was required for the quantitative detection of
AgNPs and TiO2NPs, calibration curves were established by direct injection of samples that were
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Figure 4.1: Calibration curves for the quantitative detection of AgNPs (A) and TiO2NPs (B) with
UV-Vis.
diluted to five different concentrations, respectively. The slope of the resulting linear relationship
between the injected mass and the area under the detector curve was then used as calibration
coefficient to calculate the injected mass for samples of unknown concentration. The calibration
functions for AgNPs and TiO2NPs and the corresponding standard deviations are presented in
figure 4.1. Since the power of the UV-Vis lamp is decreasing over time, the calibration was
regularly repeated as one-point calibration, which yielded similar standard deviations. This
internal calibration was necessary because no official standard materials were available.
Since the particle size of AgNPs could not be measured with the MALLS detector, a calibration
of the particle size versus retention time (relative calibration) was required, which was obtained
by measuring a mixture of size standards composed of latex particles with radii of 11 nm, 34 nm
and 50 nm. Several calibration runs were carried out using the latex standard. The retention
times of the latex standard showed a certain variability, while the AgNP standard samples that
were measured throughout a period of more than 18 months showed much more stable results.
Figure 4.2 shows a box plot of the retention times of the different sized latex particles obtained
in 26 measurements and for the AgNP standard sample in 17 measurements. The left and right
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borders of the boxes indicate the first and third quartiles, the central lines the median and the
whiskers the minimum and maximum. The mean is indicated as red hash and the mean within
the quartiles, which was used for the global relative calibration, is indicated as blue hash. The
relatively high variation in the elution times of the latex particles compared to the AgNPs might
be due to a higher sensitivity of the latex particles regarding for instance membrane and sample
age. In order to obtain the linear retention/size function for each latex radius the mean of the
retention time from these 26 measurements was calculated within the upper and lower quartiles
and plotted against the corresponding radii. The resulting linear function and the detector signal
of one exemplary latex standard separation are shown in figure 4.3.
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Figure 4.2: Box plot of the retention times of latex size standards measured with the standard AgNP
FlFFF method.
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Figure 4.3: Linear retention/size function for AgNPs determined with latex size standard particles with
particle radii of 11 nm, 34 nm and 50 nm and MALLS detector signal of one representative latex standard
measurement.
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4.1.2 Method development
The quality of a FlFFF separation is depending on several parameters, which have to be carefully
optimized for each material to be analyzed (von der Kammer et al., 2011). The objectives of the
parameter optimization are a clear size separation with few disturbances and a high recovery of
the sample. A high sample recovery is of particular importance for the quantitative analysis,
which is required for the analysis of the effluent samples from the column experiments. The
void peak, which is eluted in the beginning of a measurement and which contains impurities and
artifacts, should be as small as possible and may not cover the sample signal. Moreover, during
the measurement there should be no formation of artifacts. A common problem is the attachment
of particles to the separation membrane in the channel, which impairs the sample recovery
and which can lead to the carry-over of sample components to the subsequent measurements.
According to von der Kammer et al. (2011) the following parameters should be optimized for
FlFFF analysis:
• composition of the carrier liquid,
• membrane (surface properties),
• channel dimensions and
• field force.
The composition of the carrier liquid is important for the electrostatic properties of the sample
and the membrane and thus it affects the behavior of the sample in the channel and its accu-
mulation to the membrane. Possible carrier liquids are water, electrolyte solutions, surfactant
solutions or diluted organic solvents. The membrane serves for preventing the particles to pass
the channel bottom. Usually regenerated cellulose with various cut-offs is used as membrane
material. To prevent attachment of particles to the membrane, repulsive conditions at the mem-
brane are required. Hence, either the particles or the membrane should carry a particular charge
(von der Kammer et al., 2011). For special applications other membrane materials can be used,
for example various plastic materials that are much smoother than cellulose, in order to prevent
an attachment of particles. The channel volume is an important parameter for the retention
time of the particles. It can be varied though the channel height with different spacers between
membrane and channel top. At constant cross flow rate and constant particle size, a lower
channel height results in a shorter retention time (see chapter 2.4.2). Small channel volumes
(channel height 60-250 µm) are therefore suitable for the separation of relatively large particles,
while higher channel volumes (channel height up to 750 µm) are suitable for smaller particles
(von der Kammer et al., 2011). The cross flow, which is the external field force in the case
of FlFFF, is the most important parameter for the separation (Giddings, 1978). It should be
adapted to the particle size of the sample and it can be varied with a gradient for polydisperse
samples to improve the separation result and reduce the measurement duration. The retarding
effect of the cross flow is increasing with increasing particle size. Hence, while small particles
are able to elute already at high cross flow rates, larger particles are retarded more strongly and
their elution can be accelerated by decreasing the cross flow rate.
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In order to find out the optimal configuration of the FlFFF system for the separation of AgNPs
and TiO2NPs, the cross flow rate and the composition of the carrier liquid were altered and their
effect on the separation quality was analyzed. Moreover, besides the standard membrane made
of regenerated cellulose with a cut-off of 10 kDa, a new membrane made of the plastic PVDF with
a 30 kDa cut-off was tested. The channel height was kept constant at a medium height of 350 µm
during all measurements. For being able to assess the quality of the measurements, the recovery
of the sample in the UV-Vis detector and the retention time were quantified. Additionally, the
shape of the nanoparticle peak and the size of the void peak were considered for the evaluation.
Table 4.1 shows the recovery (%) and retention times tR (T) of AgNPs during the FlFFF mea-
surements at different carrier liquid compositions and cross flow rates, which are also visualized
for the carrier liquid variation in figure 4.4. All measurement variations were carried out as
triplicates and the variability of the measured values for the retention times is indicated in ta-
ble 4.1 to account for the reproducibility of the separation results. The recovery of AgNPs in
the UV-Vis detector was calculated by dividing the recovered mass by the mass recovered in a
direct injection of the AgNP sample without cross flow. It was above or close to 95 % for all
measurement configurations. The highest recovery was obtained with NovaChem100, while the
lowest recovery was yielded with SPP. Even with DI water the recovery of AgNPs was relatively
high, which is probably due to the stabilization of the nanoparticles. With the PVDF membrane
and DI water a very high recovery of AgNPs of around 98 % was achieved. The advantage of
silver is that it has one specific light absorption maximum at a wavelength of 400 nm, which
makes it easy to detect it with UV-vis detection and to differentiate it from other substances.
Thus the measurement signal from the UV-Vis detector is very clear for AgNPs at 400 nm and
it does hardly interfere with other substances such as micelles that formed by the surfactant, or
impurities in the system.
The peak shapes, which are delineated in figures 4.5 and 4.6, give further information about the
separation quality. As can be seen in figure 4.5, for instance the peak of the measurement with
Table 4.1: Recovery (%) and retention times tR (T) of AgNPs separated with FlFFF at different indicated
carrier liquid compositions and initial cross flow rates.
Carrier liquid VCross Recovery tR mean tR Min tR Max tR Range Standard deviation
ml min-1 % min min min min
Carrier liquid
10 % methanol 1.5 93.89 10.20 8.60 11.10 2.50 1.39
0.05 % SPP 1.5 94.56 13.13 12.90 13.60 0.70 0.40
DI water 1.5 95.28 11.07 10.90 11.30 0.40 0.21
0.2 % NC 1.5 95.97 12.40 12.20 12.70 0.50 0.26
0.05 % NC 1.5 97.47 12.25 11.90 12.45 0.55 0.30
PVDF DI water 1.5 98.16 11.83 11.50 12.20 0.70 0.35
Cross flow
10 % methanol 1 95.49 10.43 10.40 10.50 0.10 0.06
10 % methanol 1.5 95.99 11.33 11.30 11.40 0.10 0.06
10 % methanol 2 95.65 11.40 11.40 11.40 0.00 0.00
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Figure 4.4: Recoveries (%) (A) and retention times tR (T) (B) of AgNPs separated with FlFFF at
different carrier liquid compositions.
DI water as carrier liquid is relatively irregular and asymmetric, which impairs a precise size
determination. With the PVDF membrane there is a relatively high void peak, which indicates
the formation of artifacts during the measurement. Moreover, the PVDF membrane is not
recommended for the separation of latex standards, which is required for the relative calibration.
The retention times are longer and thus retention seems to be stronger with NovaChem100 and
SPP as carrier liquids and with the PVDF membrane compared to water and methanol. The
retention times of the AgNPs show in general only low variability, except for the methanol runs.
Here the variability is relatively high (figure 4.1), which is due to the first measurement run
that had a retention time of only 8.6 min while the other two runs yielded retention times of
10.9 min and 11.1 min, respectively. It is possible that during the first run the system was not
completely equilibrated yet, which lead to the bias. The data of measurements performed over
a period of more than 18 months, which is presented in chapter 4.1.1, indicates however that
the retention times are usually very stable with a variation between 11.1 min and 12.5 min when
using 10 % methanol as carrier liquid. Methanol was actually recommended by the manufacturer
for the measurement of AgNPs and it was therefore finally used as standard carrier liquid. It
has the practical secondary effect that it prevents bacteria growth within the FlFFF machine,
which ensures that no bacteria disturb the FlFFF measurement. Regarding the cross flow
variation, the retention time of AgNPs is increasing when the cross flow rate is increasing from
1 ml min-1 to 1.5 ml min-1, as can be expected from FFF theory (4.6 and table 4.1). Moreover,
with increasing cross flow rate the AgNP peak is narrowing, which indicates a more distinct size
separation. However, because the difference between the measurement result with 1.5 ml min-1
and 2 ml min-1 was relatively insignificant, a cross flow rate of 1.5 ml min-1 was chosen for the
separation of AgNPs.
The method development for TiO2NPs was more challenging. With the help of the MALLS
detector it was possible to verify that the size separation of the TiO2NPs was successful and
reproducible. For one example measurement it is shown in figure 4.7 how the radii of the eluted
TiO2NPs as determined with MALLS were perfectly ascending with elution time. Problems
occurred for the quantitative detection of TiO2NPs. The signal of the UV-Vis detector was
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Figure 4.5: UV-Vis-detector signals of AgNPs separated with FlFFF at different carrier liquid composi-
tions with an initial cross flow rate of 1.5 ml min-1 and a 10 kDa cut-off cellulose membrane.
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Figure 4.6: UV-Vis-Detector signals of AgNPs separated with FlFFF at different initial cross flow rates
using 10 % methanol as carrier liquid and a 10 kDa cut-off cellulose membrane.
weak in most measurements. TiO2 cannot as easily be detected with UV-Vis detection as
silver because it has no particularly distinctive absorption maximum within the range of UV-Vis
light. Moreover, a very high void peak manifested in the UV-Vis signal, especially when the
surfactant mixture NovaChem100 was used as carrier liquid. Thus, the recovery of TiO2NPs in
the detector flow was very low, which can either be explained by a loss of sample within the
system or a transformation of the TiO2NPs leading to their elution with the void peak. The
surfactants are able to form micelles, which can also manifest in a high void peak when the
micelles are larger than 1 µm. The phenomenon of early elution of larger sample components
is known as steric elution. For large particles diffusion is to slow for them to be driven away
from the membrane. Because of their size they reach further into the fast flow regime of the
parabolic flow profile than smaller sample components and are eluted early with the void peak.
The principle of steric elution is illustrated in figure 4.8. Moreover, the interaction with and
attachment of particles to the separation membrane is possibly leading to the carry-over of
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a FlFFF separation of a TiO2NP sample with an initial cross flow rate of 2 ml min-1 and 0.2 % No-
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Figure 4.8: Principle of steric elution in FlFFF.
particles to subsequent measurements. In order to prevent interactions with the separation
membrane it was recommended by the manufacturer to use a 0.2 % solution of the surfactant
mixture NovaChem100 as carrier liquid in order to stabilize the particles.
For the examination of the effect of the carrier liquid on the loss of TiO2NPs during the mea-
surement, probably through attachment to the membrane and the formation of high void peaks,
different carrier liquid compositions and the membrane material PVDF, which is believed to
be more smooth, were tested. Triplicate runs were performed at an initial cross flow rate of
2 ml min-1 with 0.2 % and 0.05 % NovaChem100, DI water, SPP and 0.2 % NovaChem100 with
0.1 M NaCl added and the PVDF membrane was tested with 0.05 % NovaChem100 and DI
water. The recovery of TiO2NPs with the UV-Vis detector compared to the direct injection,
where full sample recovery is assumed, was very poor at all configurations of carrier liquid and
membrane type (table 4.2 and figure 4.9). The highest recoveries were achieved with the PVDF
membrane and with 0.2 % NovaChem100 + 0.1 M NaCl. However, for the latter the signal was
very irregular for the UV-Vis detector and completely overdriven for the MALLS detector, im-
peding the determination of the particle size. While very high void peaks formed with the 0.2 %
NovaChem100 carrier liquid, it was far less distinctive with the other carrier liquid compositions
and it can be suggested that the high void peek is related to the surfactant forming larger mi-
celles. The sample recovery seemed moreover to be strongly depending on the membrane age.
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Table 4.2: Recovery and size of the void peak determined with UV-Vis detection, particle diameters dP
determined by MALLS detection for TiO2NPs separated with FlFFF at different carrier liquid composi-
tions.
Carrier liquid VCross Recovery Void peak dP mean dP Min dP Max dP Range
ml min-1 % % min min min min
Carrier liquid
DI water 2 1.1 86.1 145.5 118.8 162.9 44.2
0.05 % SPP 2 2.6 74.1 136.6 114.4 160.3 46.0
0.05 % NC 2 6.8 70.3 88.5 73.6 97.9 24.3
0.2 % NC 2 8.4 79.5 81.5 62.7 104.8 42.1
PVDF DI water 2 22.9 15.9 181.3 177.9 184.6 6.7
PVDF, 0.05 % NC 2 31.1 69.2 101.3 84.2 139.4 55.3
0.05 % NC + NaCl 2 66.5 10.3 n.a. n.a. n.a. n.a.
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Figure 4.9: Recoveries (A) and retention times (B) of TiO2NPs separated with FlFFF at different carrier
liquid compositions.
Figure 4.10 shows the MALLS and UV-Vis detector signals for the measurement of TiO2NPs
with the 0.2 % NovaChem100 solution. Three measurements in a row were performed on a fresh
10 kDa cut-off cellulose membrane and afterwards a blank of the NovaChem100 solution that
was used to disperse the TiO2NPs was measured. The peak of the TiO2NPs can be recognized
for all measurements with the MALLS detector, but only for the first measurement a weak peak
is visible with the UV-Vis detector. It is interesting that while the MALLS signal was most
pronounced for the first measurement and decreased for the second and third measurement of
TiO2NPs, it was increased again for the blank measurement, which can be interpreted as the
remobilization of attached TiO2NPs during the blank measurement.
Additionally, the cross flow rate was varied between 1 ml min-1 and 4 ml min-1, but none of the
variations did improve the measurement result significantly (data not shown). To sum it up,
none of the FlFFF configurations tested during the method development process was suitable
to achieve a reproducible quantitative characterization of the TiO2NP samples. The reasons
for the high sample losses are most probably interactions of the TiO2NPs with the separation
membrane and the surfactants. For this reason, an adequate characterization of TiO2NPs failed
64 4. Characterization of the experimental system
1
2
3
4
5
6
7
0 5 10 15 20 25 30
D
e
te
ct
o
r 
si
gn
al
 (
V
) 
Time (min) 
A 
1st injection
2nd injection
3rd injection
Blank
0.017
0.019
0.021
0.023
0.025
0.027
0.029
0.031
0 5 10 15 20 25 30
D
e
te
ct
o
r 
si
gn
al
 (
V
) 
Time (min) 
B 
1st injection
2nd injection
3rd injection
Blank
Figure 4.10: Detector signals of MALLS (A) and UV-Vis detector (B) for a series of three measurements
of TiO2NP samples and the subsequent measurement of a blank sample. The separation was performed
with FlFFF with 0.2 % NovaChem100 as carrier liquid with an initial cross flow rate of 2 ml min-1.
and they were not further considered for investigation in transport experiments. However, the
size separation of TiO2NPs with FlFFF was successful, which could be determined by absolute
particle size measurements with MALLS detection.
In order to evaluate the performance of the developed measurement method for AgNPs in com-
plex environmental samples, soil leachate samples that were partially spiked with AgNPs were
separated with FlFFF. Figure 4.11 shows the UV-Vis signals of the measurements of a sample
containing only AgNPs (black line), a sample containing soil leachate from the Kaldenkirchen
soil (blue line) and a sample composed of both, AgNPs and the soil leachate (green line). Ad-
ditionally, the signal of the soil leachate was subtracted from the soil leachate and AgNP signal
in order to better identify the AgNP size fraction (red line). Because the samples had very low
AgNP concentrations, the UV-Vis signals were relatively noisy. However, it is possible to distin-
guish between the AgNP fraction and the fraction of natural soil colloids, which eluted between
10 min and 35 min. Thus, one major objective of the FlFFF implementation, the separation of
natural from artificial nanoparticles was achieved.
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Figure 4.11: Detector signal of UV-Vis detector at 400 nm (A) and size distribution determined by the
retention time (B) for samples containing AgNPs and natural colloids.
4.2 Nanoparticles
As a preliminary step for the transport experiments, the nanoparticles were characterized with
different methods in order to gain information about their physicochemical properties, such
as particle size and surface charge. The preliminary characterization of the nanoparticles was
important to be able to identify transformation processes that occurred during the transport
experiments but also during the separation with FlFFF. Moreover, the colloidal stability of the
nanoparticles in different electrolyte solutions was investigated in order to identify the chemical
conditions that lead to the aggregation or agglomeration of the particles.
4.2.1 Physicochemical properties
The particle size of AgNPs and TiO2NPs was analyzed with SEM, DLS and FlFFF. The analysis
with SEM made it possible to identify the primary particles. The AgNPs showed relatively evenly
distributed particle sizes with primary particles of around 15 nm to 20 nm in diameter (figure 4.12
66 4. Characterization of the experimental system
1 µm 200 nm
A: Ag
B: TiO2
1 µm
Figure 4.12: Scanning electron micrographs of AgNPs (A) and TiO2NPs (B).
A). The TiO2NPs showed a higher variability in the primary particle size. Particle diameters
between 30 nm and 165 nm were identified on the SEM image (figure 4.12 B).
The hydrodynamic diameter of AgNPs in DI water, 10 mM NaNO3 and 1 mM Ca(NO3)2 and of
TiO2NPs in 0.2 % NovaChem100 was measured with DLS over a pH range of 3 to 10. For AgNPs
dispersed in the electrolyte solutions, the mean hydrodynamic diameter was constantly between
22 nm and 24 nm over the entire pH range (figure 4.13). For AgNPs dispersed in DI water it
increased slightly to 40 nm at basic pH, which might indicate an expansion of the electrical
double layer under the low IS conditions. At the pH of the transport experiments, which was
approximately 6, the mean hydrodynamic diameter of the AgNPs was 25.96 nm with DI water,
22.88 with 10 mM NaNO3 and 23.28 nm with 1 mM Ca(NO3)2. These diameters determined with
DLS are somewhat surprising because the mean hydrodynamic diameter of the AgNP standard
sample as determined with FlFFF over the retention time was 54 nm. They also contradict
the hydrodynamic diameters measured by Klein et al. (2011) with DLS, which were between
50 nm and 70 nm. When looking closer at the particle size distribution measured with DLS
(figure 4.14) one can see that two different size fractions were present in the AgNP samples,
one small fraction around a hydrodynamic radius of 2 nm and one larger size fraction around
a hydrodynamic radius of 25 nm. Due to this distribution the mean hydrodynamic diameters
around 23 nm to 26 nm seem more plausible. The 25 nm size fraction is also measured with
FlFFF, the 2 nm size fraction not. A likely explanation for the occurrence of the small size
fraction in the DLS measurement may be that it is composed of a different material, for instance
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Figure 4.13: Zeta potential and radii of AgNPs and TiO2NPs over the pH range of 3 to 10, determined
with DLS.
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Figure 4.14: Particle size distribution of AgNPs in 10 mM NaNO3 at pH values 3.1, 6.4 and 9.8.
determined with dynamic light scattering (DLS).
small surfactant molecules that cannot be detected at a light wavelength of 400 nm in FlFFF.
Therefore it is not further considered in the following. The mean hydrodynamic diameter of the
TiO2NPs was around 230 nm at acidic pH conditions and it was slightly increasing to 260 nm
with increasing basic pH. At pH 6 the mean hydrodynamic diameter of TiO2NPs was 225.8 nm.
The zeta potential of AgNPs in DI water, 10 mM NaNO3 and 1 mM Ca(NO3)2 and of TiO2NPs
in 0.2 % NovaChem100 was determined with DLS over a pH range of 3 to 10. The zeta potential
was slightly negative in the acidic pH range, it slowly decreased towards the neutral pH and
it decreased more strongly towards the basic pH (figure 4.13). The latter phenomenon was
strongest for the AgNPs in DI water where the zeta potential dropped from roughly -10 mV to
-25.5 mV and it was weakest for AgNPs in 1 mM Ca(NO3)2 where the zeta potential dropped
only slightly. At the experimental pH of the transport experiments, which was around 6, the zeta
potential was -8.7 mV for AgNPs in DI water, -7.4 mV for AgNPs in 10 mM NaNO3 and -5.18 mV
for AgNPs in 1 mM Ca(NO3)2, which can be classified as slightly negative. The zeta potential
of TiO2NPs in 0.2 % NovaChem100 strongly decreased from the acidic to the neutral pH from
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-13.7 mV to -56.3 mV at pH 6 and it increased again towards the basic pH to -43.9 mV. Hence,
under experimental conditions, where the pH was around 6, the zeta potential of TiO2NPs was
rather strongly negative.
4.2.2 Colloid stability
The colloid stability of the AgNPs at different electrolyte concentrations of NaNO3 and Ca(NO3)2
was visually inspected over a period of several weeks. No indications of agglomeration, aggrega-
tion or sedimentation phenomenons were observed, demonstrating that the surfactant stabilized
AgNPs are stable over long time periods and under high IS conditions. This observation is
consistent with the measurements of the same product performed by Klein et al. (2011) and
Liang et al. (2013b). It is also underlined by the measurement of the AgNP standard calibration
sample, which showed no significant changes of the particle size distribution over a time period
of 18 months.
In order to investigate the long-term stability of TiO2NP suspensions to find an optimal dis-
persion medium for the FlFFF optimization experiments, their stability in DI water, a 0.2 %
NovaChem100 solution and in different electrolyte solutions was examined over a time period of
several days. The colloid stability of TiO2NPs was clearly decreasing with time in all investi-
gated media. While primary particles of around 20 nm radius were found in almost all samples
immediately after sonication, the mean particle size was increasing over time. Figure 4.15 shows
the increase of the particle radii over time measured with FlFFF and MALLS detection. Because
the quantitative detection of TiO2NPs was not possible with FlFFF, the amount of TiO2NPs
that were still in suspension could not be determined. However, the visual examination of the
samples showed a layer of settled TiO2NPs at the bottom of the glass vials for all dispersing
media. Since the increase in particle size was weakest for TiO2NPs in 0.2 % v/v NovaChem100
solution, it was selected as dispersing medium for the following experiments for the optimization
of FlFFF.
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Figure 4.15: Radii of TiO2NPs dispersed in different solutions over time determined with FlFFF and
MALLS detection.
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The fail of the FlFFF implementation can probably be related to the low colloidal stability and
the high tendency of TiO2NPs to form agglomerates or aggregates that was observed in the
preliminary colloid stability experiments. Large aggregates of TiO2NPs that formed during the
focus step of the FlFFF separation could for instance be eluted with the void peak due to the
steric elution phenomenon described earlier in the TiO2 paragraph of section 4.1.2, which would
explain the high void peak and the problems in the quantitative detection of TiO2NPs.
4.3 Porous media
4.3.1 Physicochemical properties
The grain size distribution of the two natural soils was determined according to DIN 18 123 (2011)
by sieve analysis. The corresponding grading curves are provided in the appendix (figures A.4,
A.5 and A.6). The grading curves were used to determine the median grain diameter d50 (L),
which is required for the mathematical modeling of the transport experiments as mean collector
diameter (equation 3.9). For the loamy sand d50 was 1.2E-04 m and for the silty loam d50 was
2.63E-05 m. According to the manufacturer, the grain size of the glass beads varies between
300 µm and 400 µm. Thus, a d50 of 3.5E-04 m was assumed for the glass beads.
In the frame of the measurements performed with FlFFF for the separation of natural particles
from AgNPs, a FlFFF analysis of a leachate sample of the loamy sand was carried out. The
sample contained the fraction of soil particles < 1 µm. Figure 4.16 A shows the radii of the
soil colloids measured with MALLS detection and figure 4.16 B shows the corresponding size
distribution. The results show that the particle diameters of the soil fine fraction vary between
100 nm and 220 nm according to the MALLS measurement. This fine fraction was mobilized by
relatively gentle overhead shaking and it might as well represent components of the loamy sand
that are potentially mobilized during water flow processes through the soil.
In order to predict the physicochemical interactions between particles and the porous media
surfaces using the DLVO theory, information regarding the zeta potential or surface charge
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Figure 4.16: A) Radii and B) size distribution of the fraction < 1 µm of the loamy sand separated with
FlFFF and measured with MALLS detection.
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is required. There are, however, two issues about the surface charge of porous media that
should be considered. First, there exists no nondestructive method for the determination of the
surface charge of soil materials. Common measurement techniques have particular requirements
regarding the maximum grain size of the sample, see figure 2.1. Usually this problem is overcome
by grinding the materials prior to the measurement. It is to be questioned, whether this method
is able to produce results that are representative for the actual soil composition. By the grinding
process many new surfaces are formed and the original surface area to volume ratio of the different
minerals is not preserved. The surface charge of the granulometric clay fraction containing clay
minerals and oxides/hydroxides, which have the highest surface area to volume ratio, may be
widely underestimated because the grinding process will increase the surface area of the bulk
minerals such as quartz and feldspar. The other issue is that the zeta potential is only a global
parameter, which does not account for the spatial variability of the heterogeneous surface of
the soil grains (Lin et al., 2011). It has been shown in the literature that the ability of the
classical DLVO theory to predict the attachment of colloids (Elimelech et al., 2000) or AgNPs
(Lin et al., 2011; Neukum et al., 2014a,b) to heterogeneous porous media surfaces with measured
zeta potential values is limited.
For providing a general idea about the porous media surface charge, measured values were
adapted from the literature. The zeta potential of cleaned glass beads at pH 6.7 in KCl solution
is given by Elimelech & O’Melia (1990). It is around -60 mV at low IS (1 mM KCl) and around
-15 mV at high IS (300 mM KCl). Kasel et al. (2013b) determined the electrophoretic mobility,
from which the zeta potential can be derived, of the Kaldenkirchen and Merzenhausen soils in
1 mM KCl solution at pH 8.5. The electrophoretic mobility of the Kaldenkirchen soil is given
as -2.70E-08 m2 V-1 s-1 and of the Merzenhausen soil as -3.20E-08 m2 V-1 s-1 (see table 3.2) and
thus the surface charge can be assumed to be negative at the given conditions. Because the pH
under the experimental conditions in this work was between 6 and 7, the values are probably
not applicable here. Fang et al. (2009) measured the zeta potential of several natural soils at
pH values between 6 and 7 and low IS of around 1 mM and it was between around -16 mV
and -26 mV for the different soil types. Taking into account these information provided in the
literature, a global negative surface charge under the experimental conditions can be assumed
for both, the glass beads and the two natural soils.
SEM analysis was performed with samples of the loamy sand soil (KDK). The actual purpose of
the analysis was to find evidence for deposited AgNPs after the transport experiments. However,
the SEM images were also used for analyzing the structure of the soil grains and moreover, the
analysis with EDX provided information on the mineralogical composition of the soil. Figure
4.17 shows a SEM image of a soil grain from the sand fraction, while figure 4.18 shows some
grains that are rather from the silt fraction. From the SEM images it is visible that both, the
sand grain and the silt grains are composed of a large relatively smooth major grain with areas
of higher surface roughness where smaller particles are attached to the grain surface. Thus, in
general, areas with a higher degree of surface roughness occur on the grain surfaces, representing
potential areas for mechanical straining of nanoparticles. The analysis of such locations with
EDX (locations indicated with red crosses in figure 4.17 B and figure 4.18 B) reveals the pres-
ence of the elements Si, Al, O, Fe, K, Ti and Mn. While the elements Si, Al, O and K indicate
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Figure 4.17: Scanning electron micrographs of loamy sand soil grains at 500 fold (A) and 5000 fold (B)
magnification with corresponding EDX scans (C, D) at locations indicated in B.
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Figure 4.18: Scanning electron micrographs of loamy sand soil grains soil grains at 500 fold (A) and
5000 fold (B) magnification with corresponding EDX scan (C) as indicated in B.
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the occurrence of the mineral feldspar (KAlSi3O8) they also form clay minerals such as kaoli-
nite (Al4[(OH)8/Si4O10]) and montmorillonite ((Al, Mg, Fe)2[(OH)2/(Si,Al)4O10]Na0.33(H2O)4)
(Okrusch & Matthes, 2005). Moreover the elements O and Fe indicate the presence of iron oxides
and hydroxides (Okrusch & Matthes, 2005).
4.3.2 Hydraulic characterization
Prior to the transport experiments with nanoparticles, the repacked columns with glass beads
and soil were characterized regarding their hydraulic properties. The hydraulic conductivity K
(L T-1) was measured with the falling head test according to DIN 18130-1 (1998). Other hy-
draulic parameters, such as the porosity ne and the dispersivity αl, were determined by inversely
fitting the experimental BTCs of a solute tracer to the parameters of the ADE. The modeled
and measured hydraulic parameters of the repacked glass bead and soil columns are shown in
table 4.3, with bulk density ρb, pore water velocity va, porosity ne, dispersivity αl, hydraulic
conductivity K and corresponding standard error (SE). Almost all modelling results had rel-
atively satisfactory coefficients of determination (R2) close to or above 0.98. Only the tracer
experiment in the silty loam column yielded a poor model quality because a minimum concen-
tration of tracer was applied to the column to protect the soil material from being washed out.
The hydraulic conductivity varied between 2.01E-04 m s-1 and 3.77E-04 m s-1 for glass beads, be-
tween 6.18x10-6 m s-1 and 6.39E-05 m s-1 for the loamy sand and it was 4.9x10-8 m s-1 for the silty
loam column. The porosity varied between 0.427 and 0.481 for glass beads, between 0.449 and
0.570 for the loamy sand and it was 0.683 for the silty loam. The dispersivity ranged between
5.45E-04 m and 2.60E-03 m for glass beads, between 8.52E-05 m and 5.29E-03 m for the loamy
sand and it was 3.74x10-3 m for the silty loam. In figure 4.19 the estimated pore water velocity
va is plotted against the specific discharge vf to show the linear relation between the measured
values for vf and the estimated values for va.
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Figure 4.19: Modeled pore water velocity va plotted against measured specific discharge vf .
4.4. Implications for the transport of AgNPs in porous media 73
Table 4.3: Hydraulic parameters of the soil columns determined from tracer experiments and numerical
modeling with the cxtfit code and HYDRUS-1D. Italic numbers for ne it was determined using HYDRUS-
1D, italic numbers for αl denote it was calculated from va and DDisp and italic numbers of K were
recalculated with HYDRUS-1D based on the AgNP BTC.
No. ρb va ne R
2 cxtfit αl SE αl R
2 hydrus K SE K
g cm3 m s-1 - m m m s-1 m s-1
GB-01 1.53 0.4013 0.472 0.997 1.46E-03 1.70E-04 0.997 3.74E-04 8.41E-06
GB-02 1.52 0.4061 0.481 0.997 1.29E-03 1.64E-04 0.996 3.77E-04 5.31E-06
GB-03 1.63 0.4194 0.462 0.995 1.04E-03 8.12E-04 0.997 2.01E-04 5.15E-06
GB-04 1.59 0.0602 0.452 0.981 5.45E-04 1.21E-03 0.982 2.31E-04 8.41E-06
GB-05 1.59 0.0660 0.427 0.979 2.60E-03 - 0.954 3.26E-04 6.04E-06
GB-06 1.59 0.0806 0.456 0.995 1.62E-03 2.87E-04 0.998 3.22E-04 1.71E-05
KDK-01 1.38 0.3557 0.570 0.986 3.45E-03 4.94E-04 0.985 3.44E-05 5.81E-06
KDK-02 1.40 0.3797 0.482 0.990 1.63E-03 8.52E-05 0.997 1.90E-05 1.23E-06
KDK-03 1.39 0.3647 0.488 0.996 1.86E-03 1.90E-04 0.998 3.43E-05 2.18E-06
KDK-04 1.54 0.0941 0.450 0.989 4.99E-03 7.76E-04 0.995 4.47E-06 1.22E-06
KDK-05 1.55 0.0783 0.503 0.992 3.05E-03 4.54E-04 0.987 6.18E-06 1.23E-06
KDK-06 1.54 0.0782 0.459 0.959 2.79E-03 2.19E-04 0.979 1.23E-05 1.15E-06
KDK-07 1.55 0.7830 0.487 0.990 5.01E-03 7.00E-04 0.997 6.33E-05 7.66E-07
KDK-08 1.53 0.7626 0.505 0.990 5.29E-03 7.15E-04 0.997 6.39E-05 7.67E-07
KDK-09 1.49 0.0102 0.502 0.979 2.52E-03 6.74E-04 0.985 7.44E-06 1.15E-06
KDK-10 1.39 0.3633 0.514 0.995 1.91E-03 3.31E-04 0.992 2.34E-05 2.45E-08
KDK-11 1.42 0.3592 0.514 0.993 4.82E-03 7.10E-04 0.990 2.82E-05 1.67E-06
KDK-12 1.53 0.4210 0.449 0.978 1.95E-02 3.37E-03 0.982 2.95E-05 4.41E-04
KDK-13 1.56 0.4463 0.453 0.985 8.12E-03 1.32E-03 0.988 8.46E-06 1.72E-06
KDK-14 1.46 0.7518 0.521 0.996 1.59E-03 1.85E-04 0.997 1.92E-05 1.31E-06
KDK-15 1.54 0.4152 0.454 0.997 3.16E-03 3.43E-04 0.997 1.38E-05 6.57E-07
MZH-1 1.49 0.0075 0.683 0.877 3.74E-03 1.67E-03 0.977 4.90E-08 8.32E-10
4.4 Implications for the transport of AgNPs in porous media
The preliminary experiments with AgNPs proofed the high colloidal stability of the surfactant
stabilized nanoparticles over long time periods and even at high IS conditions. The findings
are consistent with the observations made by Liang et al. (2013b) and Liang et al. (2013a) for
the same AgNP product. Taking into account the weak negative surface charge and the steric
stabilization of the AgNPs as well as the the assumed global negative surface charge of the porous
media, unfavorable conditions for attachment can be assumed under the experimental conditions.
However, due to the heterogeneity, especially of the natural porous media, the occurrence of a
limited number of local favorable attachment sites has to be considered (Elimelech et al., 2000;
Lin et al., 2011). The analysis of the natural soil materials with SEM and EDX has indicated the
presence of locations of higher surface roughness, clay minerals and metal oxides/hydroxides at
the soil grain surfaces, which might represent potential sites for AgNP attachment. Moreover,
by the analysis of soil leachate samples from the loamy sand with FlFFF a fine fraction was
identified that might represent small particles that are susceptible to mobilization when exposed
to flowing water.

5
Transport and retention of
nanoparticles in soils
In the following chapter the results of the transport experiments in glass beads, loamy sand and
silty loam will be introduced, discussed and interpreted. For each set of experiments first the
experimental BTCs and when determined also the retention profiles and the models obtained
by fitting the ADE to the experimental data will be analyzed. Then also the particle sizes
in the porous media effluents that were measured with FlFFF will be discussed as additional
information to understand the transport processes. Finally, transport characteristics approxi-
mated according to classical filtration theory will be compared to those determined with the
mathematical modeling.
5.1 AgNPs in glass beads
In figure 5.1 the experimentally determined breakthrough concentrations of AgNPs in glass beads
are plotted as function of the pore volumes flushed through the column divided by the volume
of the AgNP pulse. This form of representation has the advantage that all BTCs overlap at
the point where the nanoparticle suspension was changed to water, which makes the comparison
of BTCs more convenient because the volume of the AgNP pulse and the pore volumes of the
columns varied slightly between the experiments. The BTC of the conservative tracer is given
as additional information to indicate the point where one pore volume was exchanged (rise
of tracer BTC). Three experiments were carried out at a high flow velocity of approximately
0.188 cm min-1 (figure 5.1 A) and three experiments at a lower flow velocity of approximately
0.038 cm min-1 (figure 5.1 B). The experiments at the lower flow velocity were stopped for 14 h
before the backflushing step was started. For experiment No. GB-01 the flows were started
again after the backflushing step and a break of 14 h for another 4.7 pore volumes in order
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to examine the remobilization behavior of retained AgNPs. More specific information on the
boundary conditions of the experiments and the mass recoveries are displayed in table 5.1. The
experimental results at the high flow velocity were in relatively good agreement for the three
repetitions GB-01, GB-02 and GB-03, demonstrating that the reproducibility of the experiments
was given. Minor variations of the BTCs were expected due to variations in the column packing.
At the low flow rate, experiments No. GB-04 and GB-06 were also in good agreement, while
GB-05 has a relatively high variation. Moreover, the breakthrough concentration of experiment
No. GB-05 exceeded the input concentration of the AgNP suspension, which cannot be explained
physically. It is possible that an experimental or analytical error is the reason for the variation
of this result and hence experiment No. GB-05 was not considered in the modeling. The
concentration of deposited AgNPs in glass beads was determined for experiments No. GB-01,
GB-02, GB-03 and GB-04. The measured solid phase concentration S (M M-1) of the AgNPs
normalized by the input concentration C0 (M L-3) is plotted as a function of transport distance
in figure 5.2.
The total mass recoveries of AgNPs during the experiments conducted in glass beads were rel-
atively poor, ranging from 48.18 % to 86.98 %. One possible reason for this is that different
analytical methods were applied for determining the Ag concentration in the effluent samples
and in the soil samples, which were also calibrated with different concentration standards. FlFFF
coupled to UV-Vis detection was used for the quantitative measurement of AgNPs in the efflu-
ent samples, where an internal standard was used for calibration. ICP-OES was applied for the
analysis of silver in the soil samples, where an official NIST standard was used for the calibra-
tion. It is possible that with the internal calibration the AgNP concentration was overestimated
compared to the calibration with the official standard, which would explain the low total mass
recoveries. This is because the total input mass of AgNPs was calculated with the concentra-
tion of the input sample, which was determined with FlFFF. If the AgNP concentration was
overestimated with FlFFF, this value would also be overestimated, leading to an overestimation
of the amount of AgNPs that were theoretically retained in the porous media. This problem is
also relevant for experiments in natural soils, where RPs were measured with ICP-OES. How-
ever, due to the higher recovery of AgNPs in the effluent the mass balances were better here.
The BTCs measured with FlFFF are generally considered as plausible, since in experiment No.
KDK-15, where AgNPs showed conservative transport behavior in loamy sand with DI water as
background solution, the AgNP recovery was approximately 100 %. Because of the bias between
measured BTCs and RPs in glass beads, only the BTCs were used as input data for the modeling
and the measured RPs were used as a general orientation for a qualitative comparison with the
modeled RPs.
The comparison of the measured AgNP BTCs with the tracer BTC shows that the AgNP trans-
port in glass beads was retarded relative to the conservative tracer (figure 5.1). The complete
breakthrough of AgNPs occurred relatively late with an asymmetrical shape of the BTC. This
kind of shape of the BTC indicates an attachment of AgNPs to the glass beads that is de-
creasing with time, while the transport is increasing due to the filling of attachment sites with
time (figure 3.7 A). The concentration of retained AgNPs in glass beads was either monotonic
(GB-01, note: after remobilization step), or the concentration more or less increased with the
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Figure 5.1: Breakthrough curves of replicated experiments in glass beads with 10 mM NaNO3. A: flow
velocities of 0.170 cm min-1 (GB-01), 0.186 cm min-1 (GB-02) and 0.189 cm min-1 (GB-03) B: flow veloc-
ities of 0.028 cm min-1 (GB-04), 0.036 cm min-1 (GB-05) and 0.045 cm min-1 (GB-06) with stopped flow
for 14 h before backflushing step.
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Figure 5.2: Measured retention profiles of the transport experiments in glass beads (figure 5.1).
Table 5.1: Experimental conditions and mass balances of the transport experiments carried out in glass
beads.
No. C0 AgNP input dP IS Ion q Meffluent Msoil Mtotal NPe
mg ml-1 mg nm mM cm min-1 % % % -
GB-01 0.056 5.28 58.4 10 NaNO3 0.170 79.92 7.06 86.98 1351
GB-02 0.055 5.28 63.2 10 NaNO3 0.185 50.77 12.31 63.08 1589
GB-03 0.055 5.37 63.2 10 NaNO3 0.188 62.80 7.78 70.58 1615
GB-04 0.050 4.44 55.4 10 NaNO3 0.027 55.54 14.51 70.05 207
GB-05 0.059 5.89 60.6 10 NaNO3 0.036 102.23 n.d. 102.23 297
GB-06 0.037 3.71 56.0 10 NaNO3 0.045 48.18 n.d. 48.18 343
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transport distance (GB-02, GB-03, GB-04). The latter RPs were not only measured, they were
also observed visually. After the experiments were finished, a dark yellowish coloring of the glass
beads was visible at the column exit, which was fading to a light yellowish coloring towards
the column inlet, indicating the increasing solid phase concentration of AgNPs with transport
distance. The effect was most pronounced for the experiment at the lower flow velocity with
the stopped flow (GB-04). RPs that are increasing with transport distance, are typical for the
detachment of particles that were reversibly attached to the collector surface (figure 3.7 B).
However, detachment would also manifest in a tailing of the BTC as is indicated in figure 3.7
A, which was not or only slightly the case for the measured BTCs.
The late breakthrough with the late ascending trend of the AgNP BTCs could best be fitted
with a time dependent retention model. The increasing solid phase concentration with transport
distance could only be modeled by including the detachment term. The modeled parameters
of the ADE, attachment coefficient ka (T-1), detachment coefficient kd (T-1), where applicable,
maximum solid phase concentration Smax/C0 (L3 M-1) and the corresponding coefficients of de-
termination are given in table 5.2 and the representative modeled BTCs and RPs of experiments
No. GB-03 and GB-04 are given in figure 5.3 A and B. The modeled values for the attachment
coefficient ka were decreasing with decreasing flow velocity, which is consistent with filtration
theory and the observations made by Liang et al. (2013b) for AgNP transport in quartz sand.
The values for the normalized solid phase concentration were around the same order of magni-
tude for all experiments, indicating that roughly the same amount of attachment locations was
available in all glass bead columns. As was expected due to the analytical method for the deter-
mination of the solid phase concentration, the modeled solid phase concentrations were higher
than the measured solid phase concentrations. Detachment was modeled for the BTCs where a
slight tailing could be observed, however the modeled values for the detachment coefficient kd
were below 1.00E-05, which can be considered as relatively low.
In order to investigate the remobilization or detachment behavior of AgNPs in glass beads, the
column of experiment No. GB-01 was again flushed with the background solution after a break
of 14 h following the actual experiment. In this step, 20.40 % of the theoretically deposited
mass, or 4.09 % of the total input mass, were recovered in the effluent. From this observation
the interpretation can be made that approximately 20 % of retained AgNPs were only reversibly
deposited and then remobilized due to the hydraulic impulse when the flow was started again
(Solovitch et al., 2010). Additionally, the measured RP of experiment No. GB-01 was uniform
Table 5.2: Transport parameters modeled for the experimental breakthrough curves in glass beads with a
time dependent retention function (TDR).
No. ka ka SE kd kd SE Smax/C0 Smax/C0 SE R
2
s-1 s-1 s-1 s-1 m3 g-1 m3 g-1
GB-01 9.96E-04 2.53E-04 1.45E-07 1.49E-08 0.94723
GB-02 1.80E-03 1.18E-04 1.00E-05 4.58E-06 4.12E-07 7.34E-09 0.98656
GB-03 1.12E-03 6.53E-05 2.78E-07 6.05E-09 0.97778
GB-04 3.53E-04 6.63E-05 4.56E-06 5.74E-06 3.05E-07 2.00E-08 0.97359
GB-06 4.20E-04 8.60E-05 2.86E-06 3.50E-06 4.52E-07 2.38E-08 0.91137
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Figure 5.3: Observed and modeled breakthrough curves (A) and retention profiles (B) of AgNPs in glass
beads at different flow velocities with 10 mM NaNO3 and relative mean particle diameters (C). The models
were fitted with the time dependent retention (TDR) model.
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with transport distance after the additional flushing step. Remobilization of AgNPs in quartz
sand was also observed by Liang et al. (2013b) and Tian et al. (2010), who suggested that it
was related to the attachment of AgNPs in the secondary minimum. However, since no further
experimental data is available about the remobilization of AgNPs, no evidence exists for the
reproducibility of this result and for secondary minimum attachment.
Another suggestion for the interpretation of nonmonotonic retention profiles of surfactant stabi-
lized AgNPs was given by Liang et al. (2013b), who observed the concurrent deposition of AgNPs
and free surfactant in columns with quartz sand, which was explained by the high affinity of
the surfactant for the smooth quartz surfaces. The surfactant was blocking the attachment sites
at the column inlet, leading to an increased deposition of AgNPs after a transport distance of
several centimeters. In the glass bead columns the attachment of AgNPs was increasing after a
much longer transport distance close to the column outlets. Considering that the quartz sand
had a higher specific surface area than the glass beads and thus a larger amount of attachment
sites, and that lower AgNP and surfactant loads were applied by Liang et al., the blocking of
a longer transport distance is possible in glass beads. However, this theory for explaining the
observed nonmonotonic retention profiles also requires further investigation.
The mean particle diameters of AgNPs in the effluent samples of the transport experiments in
glass beads divided by the mean input particle diameter are plotted against the relative pore
volume in figure 5.3 C for experiments No. GB-03 and GB-04. Moreover, descriptive statis-
tic measures (mean, mode, quartiles, maximum, minimum) as well as the corresponding mean
input diameters for all samples that exceeded the detection limit are presented as boxplots in
figure 5.4. The mean effluent AgNP diameters roughly ranged from 40 nm to 60 nm. How-
ever, the quartiles were relatively close, spanning only between 1.6 nm and 3.6 nm, except for
experiment No. GB-05, where the quartiles spanned over 10.8 nm, which is a further indication
for analytical errors in experiment KDK-05. It is interesting that in all experiments the mean
effluent particle diameter was below the mean input diameter. One possible explanation for
this observation is that a selective filtration of larger AgNPs occurred. The relation between
particle size and affinity for attachment, especially under unfavorable conditions, is discussed
quite controversially in the literature. Actually, DLVO theory predicts that under unfavorable
conditions the height of the energy barrier that has to be overcome for deposition in the primary
energy minimum is proportional to the particle size, suggesting a decrease in deposition with
increasing particle size (Tufenkji & Elimelech, 2005). However, experimental results with latex
particles and glass beads as collectors indicated the opposite under unfavorable conditions (e.g.
Tufenkji & Elimelech, 2005; Pelley & Tufenkji, 2008). It is believed that the secondary energy
well is also increasing with increasing particle size and according to Tufenkji & Elimelech (2005),
larger particles tend to ”fast”attachment in the secondary minimum, while smaller particles with
weak or no secondary minimum have to overcome the energy barrier for the attachment in the
primary energy well. With the help of this model, the observed increased deposition of larger
AgNPs could be explained with prevailing ”fast” attachment in the secondary minimum. Liang
et al. (2013b) calculated the DLVO interactions between the surfactant stabilized AgPURE Ag-
NPs and quartz sand under different IS conditions with a monovalent cation and in fact the
occurrence of a secondary minimum was predicted. However, it should be kept in mind that the
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Figure 5.4: Boxplots of the mean diameters of AgNPs in the effluent fractions of transport experiments in
glass beads and corresponding mean diameters of AgNPs in the input suspension determined with FlFFF.
calculation of the DLVO potential is only a theoretical approach based on several simplifying
assumptions, such as the global zeta potential of the collector and particle surfaces. As already
discussed in the previous chapter (section 4.3.1), in reality a heterogeneous distribution of the
zeta potential is more likely. Elimelech & O’Melia (1990) and Pelley & Tufenkji (2008), for
instance, emphasized the importance of the influence of the surface roughness on the local zeta
potential, causing deviations from the filtration theory. Local variations of the zeta potential
may thus also explain the observed deviations from the DLVO theory. The decrease of the par-
ticle size during the transport through the glass bead matrix allows another conclusion, namely,
the exclusion of the occurrence of homoaggregation processes of AgNPs in the column effluent.
In summary, the most relevant transport mechanisms of AgNPs in glass beads are the time de-
pendent blocking of attachment sites and the possible concurrent deposition of surfactants and
AgNPs to the glass bead surfaces. Another possible mechanism, which was indicated by increas-
ing deposition with transport distance and the decreasing particle diameters during transport,
is the reversible deposition of the AgNPs to the glass beads in the secondary minimum. The
latter effect could, however, also be explained by the impact of surface roughnesses.
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5.2 AgNPs in loamy sand
Several experiments were carried out in loamy sand, where the flow velocity and the chemical
composition of the background solution were varied. In order to assess the reproducibility of
the experiments in loamy sand, some of the variations were repeated. With 10 mM NaNO3
as background solution three replications were carried out, respectively, at a flow velocity of
approximately 0.188 cm min-1 (KDK-01, KDK-02 and KDK-03) and 0.038 cm min-1 (KDK-04,
KDK-05 and KDK-06), the latter with a stop of the flow for 14 h after the AgNP injection.
Additionally, two replications were carried out at a flow velocity of approximately 0.377 cm min-1
(KDK-08 and KDK-14). The parameters regarding the experimental boundary conditions are
given in table 5.3. The experimental BTCs plotted against the relative pore volume are presented
in figure 5.5 and figure 5.6. Due to the heterogeneity of the natural soil material and the manual
packing of the columns, variations of the soil structure, porosity and pore size distribution,
leading to variations in the transport characteristics, were expected to be inevitable. However,
the column dimensions were designed to yield a transport distance that was significantly larger
than possible structural heterogeneities in the scale of the soil grain size. At the low and the
medium flow velocities the results of the replications were in relatively good agreement, indicating
that the reproducibility of the experiments was given. Because of the stop of flow at the low flow
velocity before the backflushing step, a sudden decrease and subsequent increase of the AgNP
breakthrough concentration occurred, which manifested in all three BTCs (figure 5.5 B). At the
high flow velocity the variation between the two BTCs was more significant (KDK-08, KDK-14).
One reason for the variation may be the differences of the column packing as already pointed
out above. Because of the poor reproducibility, experiments No. KDK-08 and KDK-14 were not
considered in the modeling and further discussions, as well as experiment No. KDK-07, which
was conducted at the same flow velocity.
Table 5.3: Experimental conditions and mass balances of the transport experiments carried out in loamy
sand (KDK).
No. C0 AgNP input dP IS Ion q Meffluent Msoil Mtotal NPe
mg ml-1 mg nm mM cm min-1 % % % -
KDK-01 0.058 6.68 50.6 10 Na+ 0.197 85.54 8.17 93.72 466
KDK-02 0.058 6.60 58.0 10 Na+ 0.194 94.25 0.00 94.25 524
KDK-03 0.059 6.79 54.0 10 Na+ 0.197 84.29 0.00 84.29 495
KDK-04 0.053 4.92 55.4 10 Na+ 0.037 86.18 0.00 86.18 97
KDK-05 0.052 4.50 56.0 10 Na+ 0.037 84.47 18.84 103.31 98
KDK-06 0.059 5.09 61.4 10 Na+ 0.043 79.30 0.00 79.30 122
KDK-07 0.055 5.69 50.0 1 Ca2+ 0.371 4.80 0.00 4.80 864
KDK-08 0.047 4.47 59.8 10 Na+ 0.351 18.00 45.50 63.50 979
KDK-09 0.051 5.03 66.0 10 Na+ 0.003 1.77 57.77 59.54 10
KDK-10 0.029 2.63 58.4 50 Na+ 0.187 2.15 0.00 2.15 509
KDK-11 0.035 3.07 58.2 1 Ca2+ 0.183 3.95 0.00 3.95 495
KDK-12 0.016 1.47 57.8 10 Ca2+ 0.190 0.00 0.00 0.00 511
KDK-13 0.016 1.49 58.4 50 Ca2+ 0.190 0.00 0.00 0.00 517
KDK-14 0.039 3.37 54.0 10 Na+ 0.365 88.47 0.00 88.47 919
KDK-15 0.041 3.64 54.6 0.01 - 0.185 100.04 0.00 100.04 471
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Figure 5.5: Breakthrough curves of replicated experiments in loamy sand (KDK) with 10 mM NaNO3.
A: flow velocity 0.197 cm min-1 (KDK-01), 0.194 cm min-1 (KDK-02) and 0.197 cm min-1 (KDK-03), B:
flow velocity 0.037 cm min-1 (KDK-04), 0.037 cm min-1 (KDK-05) and 0.043 cm min-1 (KDK-06) with
stopped flow for 14 h before backflushing step.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0.0 0.5 1.0 1.5 2.0 2.5
C
/C
0 
(-
) 
PV/PV pulse (-) 
tracer
KDK-08
KDK-14
Figure 5.6: Breakthrough curves of replicated experiments in loamy sand (KDK) with 10 mM NaNO3 at
high flow velocities of 0.351 cm min-1 (KDK-08) and 0.365 cm min-1 (KDK-14).
Because the amount of deposited AgNPs in the soil material could not be measured for all ex-
periments and due to the use of different analytical techniques for Ag detection, as was already
discussed in section 5.1, the percentage of recovered mass as presented in table 5.3 is not nec-
essarily a suitable parameter to assess the quality of the experimental data. In figure 5.11 the
mean input diameters of AgNPs for the experiments with loamy sand are given and the mean
effluent diameters of AgNPs are plotted as boxplots. The AgNP diameters and concentrations
in the input samples are also presented in table 5.3. The diameters varied between around 50 nm
and 66 nm, but the quartiles were relatively narrow, with 55.85 nm and 58.50 nm. The variation
of the AgNP diameters in the input samples may occur due to the chemical composition of the
background solution and the sample concentration, which varied due to dilution errors in the
sample preparation.
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5.2.1 Effect of flow velocity
Experiments No. KDK-01, KDK-02, KDK-03, KDK-04, KDK-05, KDK-06 and KDK-09 were
conducted to examine the effect of hydrodynamics on the transport of AgNPs in loamy sand.
The IS was kept constant at 10 mM Na+ for all experiments. The flow velocity was varied
between 0.003 cm min-1 (0.047 m d-1) and 0.371 cm min-1 (5.338 m d-1) (table 5.3) and thus, the
whole range of typical groundwater velocities was covered, which was reported e.g. for shallow
sandy aquifers in Germany to be between 0.15 m d-1 and 1.4 m d-1 (Kunkel & Wendland, 1997).
Data on the retention of AgNPs in the soil columns was available for experiments No. KDK-01,
KDK-05, KDK-08 and KDK-09 and therefore these experiments were selected as representative
for the replicated experiments. It has to be noted that experiments KDK-04, KDK-05 and
KDK-06 represent a special case because of the stopped flow before the backflushing step.
Figure 5.7 A shows the measured and modeled BTCs of AgNPs plotted against the relative
pore volume for experiments No. KDK-01, KDK-05 and KDK-09, thus from the highest to
the lowest velocity. While at the high and medium flow velocity with stopped flow around
85 % of the AgNPs were transported, respectively, at the low flow velocity the transport was
strongly inhibited and only 1.79 % of the AgNPs were recovered in the effluent (table 5.3). These
observations are in accordance with filtration theory, which predicts increasing attachment with
decreasing flow velocity (Yao et al., 1971). All three BTCs have an asymmetrical shape with a
late breakthrough, which indicates the occurrence of time dependent retention behavior. The
BTC of experiment No. KDK-05 shows an additional effect. The effluent concentration decreased
rapidly after the break and increased again to the input concentration, which might indicate a
sedimentation effect, where the AgNPs settled due to gravity during the stop of flow.
In figure 5.7 B the RPs of the three experiments are given as relative solid phase concentration
plotted against transport distance. The RPs of the experiments at the higher flow velocities
showed a hyperexponential shape, while the RP of the slow experiment was distributed rather
exponentially with transport distance. The exponential distribution of deposited particles with
transport distance is usually predicted by classical filtration theory. According to Bradford et al.
(2011), the formation of hyperexponential deposition profiles depends on the hydrodynamic
conditions at the inlet of the soil column. Here the particle flux close to the collector surface
is believed to dominate over the mass transfer rate from the bulk aqueous phase to the region
near the collector surface, which results in a higher deposition at the column inlet. The effect
of enhanced deposition at the column inlet due to the hydrodynamic conditions is according to
Bradford et al. (2011) increasing with increasing flow velocity, decreasing grain size and increasing
particle size under unfavorable conditions. It possibly also applies to the experiments conducted
at higher and medium flow velocity (KDK-01, KDK-05). On the other hand, exponential RPs
are believed to occur when the mass transfer from the bulk aqueous phase to the region near the
collector surface dominates, which is e.g. the case at low flow velocities (Bradford et al., 2011)
and which was observed for experiment No. KDK-09. For particles < 1 µm, according to the
classical filtration theory, diffusion is the dominating mass transfer process. A measure for the
role of diffusive transport compared to advective transport is the dimensionless Peclet number
NPe. It was calculated according to equation 3.15, taking into account the measured specific
discharge vf during the column experiments, the mean collector diameter (d50) and the diffusion
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Figure 5.7: Effect of flow velocity on the transport of AgNPs in loamy sand with 10 mM NaNO3. A:
Observed and modeled (T + DDR) BTCs of AgNPs and observed BTC of NaCl tracer in loamy sand
with varied flow velocities, B: observed and modeled RPs, C: effluent mean particle diameters of samples
exceeding the detection limit.
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coefficient DDiff , which was calculated according to equation 3.14. The calculated values are
shown in table 5.3. It is evident that NPe is strongly decreasing with decreasing flow rate. While
its value is 466 for the experiment at the higher flow velocity (KDK-01), it is only 10 for the
experiment at the lowest flow velocity (KDK-09). This indicates the dominating role of diffusive
transport at the lower flow velocity and it can be hypothesized that the increasing deposition is
related to the increasing impact of diffusion as mass transfer process.
In order to model the transport relevant parameters, such as attachment coefficient ka (T-1),
detachment coefficient kd (T-1) and the maximum solid phase concentration Smax (M M-1), the
ADE was fitted to the BTC data and where available also to the RP data. When no reten-
tion data was available a simple attachment-detachment model and a time dependent retention
model were fitted to the BTC as described in section 3.6.1. When retention data was available,
additionally the depth dependent as well as the time and depth dependent model were employed,
which allowed also the fitting of the parameter β. Figure 5.8 shows the results of the different
model formulations, which were applied for a fast experiment (KDK-01) with resulting BTC
(A) and RP (B). The filled circles show the measured values of the retained Ag concentration,
which were also used as input data for the DDR models. For comparison, the white circles show
values that were corrected with a correction factor considering that 100 % of the AgNPs not
recovered in the column effluent were deposited in the soil column. This correction is to account
for the discrepancies between the two different Ag detection methods. In the figure it can be
recognized that the best fit to the asymmetrical BTC and the hyperexponential RP could be
accomplished with the T + DDR model. The values of the parameters fitted with the T + DDR
model, attachment coefficient ka (T-1), detachment coefficient kd(T-1), maximum relative solid
phase concentration Smax/C0 (L3 M-1), parameter of the retention function β (-) and coefficient
of determination, are given in table 5.4. For experiment No. KDK-01 β was optimized by guess-
ing, so there is no standard error given. The best fit for the BTC was achieved with the TDR
model, while the simple AD model and the DDR model were not able to reproduce the asym-
metrical shape of the BTC. The fitted values of the TDR model, attachment coefficient ka (T-1),
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Figure 5.8: Different model formulations for breakthrough curve (A) and retention profile (B) of exper-
iment KDK-01 (10 mM NaNO3, 0.197 cm min-1).
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detachment coefficient kd (T-1), maximum relative solid phase concentration Smax (L3 M-1) and
coefficient of determination, are given in table 5.5. It can be noted in figure 5.8 that the TDR
model very well captured the lower part of the RP without the hyperexponential part. It also
has to be considered that the parameter β is only an empirical factor, which cannot physically
explain the processes that occur at the column inlet that are believed to lead to the hyperex-
ponential distribution of the solid phase concentration. Possibly this effect does not occur at
all under the conditions in the environment, for instance in an aquifer. Thus, the TDR model
is probably of more value for describing the transport behavior of the investigated AgNPs in
loamy sand.
Figure 5.9 shows the modeled BTCs (A) and RPs (B) for the experiment conducted at the
lowest flow velocity (KDK-09). Here the AD and the DDR models were unable to follow the
asymmetrical shape of the BTC, while both models considering TDR captured the shape of the
BTC relatively well. The models without TDR were better able to predict the shape of the
corrected RP (5.9 B). None of the models was able to capture the measured RP. However, all
predicted RPs were within the right order of magnitude. So finally, the models considering TDR
seem to have a better ability to represent the experimental data.
The modeling of the experiments with the stopped flow (KDK-04, KDK-05, KDK-06) was much
more challenging. After the 14 h break there was a break-in of the BTC and it is not clear if
this break-in was only due to a settling and subsequent elution of the AgNPs or if it was due to
the increased deposition of AgNPs during the stopped flow. Although in the modeling a weight
of zero was assigned to the data points of the break-in, the plateau of the modeled BTCs would
usually run between the normal and the break-in concentrations (figure 5.10 A). Here especially
the asymmetrical rise of the BTCs was not well captured. When a weight higher than one was
assigned to data points of the increasing side of the BTCs, it was possible to force the models
to better follow the rise and plateau of the BTCs, as can be seen in figure 5.10 C. However, for
experiment No. KDK-05, where retention data was available, the latter models underestimated
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 2 4 6
C
/C
0 
(-
) 
Pore volumes (-) 
A 
Conserv.
AD
TDR
DDR
T + DDR
Observed
-0.16
-0.14
-0.12
-0.1
-0.08
-0.06
-0.04
-0.02
0
0.00E+00 1.00E-06 2.00E-06 3.00E-06
D
e
p
th
 (
m
) 
S/C0 (m
3 g-1) 
B 
AD
TDR
T + DDR
DDR
S/C0 observed
S/C0 corrected
Figure 5.9: Different model formulations for breakthrough curve (A) and retention profile (B) of exper-
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Figure 5.10: Different model formulations for breakthrough curve (A, C) and retention profile (B, D) of
experiment KDK-05 (10 mM NaNO3, 0.038 cm min-1).
the solid phase concentrations of AgNPs, which can be recognized by comparing figure 5.10 B
and D.
In summary, the asymmetrical shape of the BTCs that was observed at all examined flow veloc-
ities, could only be reproduced with a model formulation considering time dependent retention
(TDR and T + DDR). This indicates that a number of attachment sites was available in the
soil, which were filling up with time resulting in an increasing transport of AgNPs. Since models
considering depth dependent retention could not be implemented for experiments where no data
on the RPs was available and the values obtained with the TDR and T + DDR models are not
comparable (Kasel et al., 2013a), the fitted values of the TDR models, which are considered
of greater value anyway, can be used for comparing all experiments. According to the classical
filtration theory the attachment coefficient ka is increasing with flow velocity (equation 2.3), be-
cause the overall advective transport is proportional to the flow velocity (Bradford et al., 2011).
The values for ka calculated with the TDR model are in fact highest at the high flow velocity
(KDK-01, KDK-02, KDK-03; table 5.5). However, ka is higher at the very low flow velocity
(KDK-09) than at the medium velocity with the stopped flow (KDK-04, KDK-05, KDK-06).
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Table 5.4: Transport parameters modeled for experimental breakthrough curves in loamy sand with the
time and depth dependent retention function (T + DDR).
ka ka SE Smax/C0 Smax/C0 SE β β SE R2
s-1 s-1 m3 g-1 m3 g-1
KDK-01 2.45E-02 5.78E-03 1.11E-05 3.43E-06 1.234 - 0.99035
KDK-05 1.24E-03 1.70E-03 1.32E-06 8.97E-06 0.835 0.017 0.98099
KDK-09 4.18E-04 4.77E-05 1.16E-06 6.42E-08 0.302 0.035 0.89901
Table 5.5: Transport parameters modeled for experimental breakthrough curves in loamy sand with the
time dependent retention function (TDR) or attachment-detachment function (AD, experiment KDK-15).
ka ka SE Smax/C0 Smax/C0 SE R2
s-1 s-1 m3 g-1 m3 g-1
KDK-01 1.18E-04 1.96E-05 1.55E-07 2.37E-08 0.98653
KDK-02 9.98E-05 2.19E-05 6.77E-08 1.22E-08 0.99207
KDK-03 1.71E-04 1.39E-05 1.99E-07 1.44E-08 0.99459
KDK-04 1.20E-05 5.62E-06 5.21E-05 2.46E-02 0.97308
KDK-05 1.59E-05 5.36E-06 1.42E-07 8.07E-08 0.97292
KDK-06 2.75E-05 4.55E-06 2.49E-07 9.01E-08 0.98302
KDK-04 II 4.01E-05 2.25E-05 3.65E-08 1.27E-08 0.97362
KDK-05 II 3.30E-05 1.02E-05 5.86E-08 9.90E-09 0.98084
KDK-06 II 3.46E-05 5.99E-06 1.30E-07 5.20E-09 0.98779
KDK-08 4.58E-03 3.36E-04 7.23E-07 1.43E-08 0.94355
KDK-09 5.70E-05 6.75E-06 1.13E-06 6.12E-08 0.88656
KDK-10 3.05E-03 9.01E-05 1.11E-06 1.74E-08 0.95792
KDK-11 2.26E-03 1.11E-04 1.40E-06 8.66E-08 0.90457
KDK-15 2.48E-06 9.00E-06 - - 0.96227
Although the flow velocity was approximately one order of magnitude higher at the medium
velocity compared to the low flow velocity, the breakthrough of AgNPs in the column effluent
occurred to the same degree as in the fast experiment. This may explain the small values for
the attachment rate at the medium velocity. The modeled values for the relative solid phase
concentration Smax/C0 are around the same order of magnitude at the fast and the medium flow
velocity. This is plausible because at both velocities the extent of deposition was approximately
the same. At the slow velocity Smax/C0 was one order of magnitude higher. The results indicate
that at the fast and the medium velocity a similar amount of attachment sites was available,
while the amount of available attachment sites increased at the slow flow velocity. A possible
explanation for the higher availability of attachment sites at the slow flow velocity is that due
to the increasing effect of diffusion as mass transfer mechanism a higher number of attachment
sites was accessible.
The modeling results of the T + DDR model are given in table 5.4. The modeled values for
ka and Smax/C0 are decreasing with decreasing flow velocity. Moreover, the fitted values for β
are also decreasing with decreasing flow velocity, indicating a decrease in the depth dependence.
When comparing the coefficients of determination, it is obvious that the T + DDR model always
yielded the best fit for BTC and RP. This is especially the case for the hyperexponential RPs,
90 5. Transport and retention of nanoparticles in soils
which can, as already discussed above, be explained by the hydrodynamic conditions at the
column inlet that are, however, not physically explained by the empirical parameter β.
Figure 5.7 C shows the mean particle size of AgNPs in the column effluent samples divided by the
mean input particle diameter plotted against the relative pore volume for the three representative
experiments. For all other experiments the effluent and input diameters are plotted in figure 5.11.
It is interesting that the mean diameters of AgNPs in the effluent are always slightly below the
input AgNP diameters at the fast velocity (KDK-01, KDK-02, KDK-03), while they are around
the input diameter at the medium velocity (KDK-04, KDK-05, KDK-06) and slightly above the
input diameter at the lowest flow rate (KDK-09). This can also be recognized in figure 5.12, where
the particle size distributions of one fast experiment (KDK-01), one medium velocity experiment
(KDK-05) and the low velocity experiment (KDK-09) of the input sample and of one selected
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Figure 5.11: Boxplots of the mean diameters of AgNPs in the effluent fractions of transport experiments
in loamy sand (KDK) and corresponding mean diameters of AgNPs in the input suspension determined
with FlFFF.
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ples from the major breakthrough, respectively, for experiments carried out at different flow velocities
of 0.197 cm min-1 (KDK-01), 0.037 cm min-1 (KDK-05) and 0.0033 cm min-1 (KDK-09).
sample of the major breakthrough are plotted in order to show the particle size distribution before
and after the soil passage. Since for experiment No. KDK-09 the breakthrough concentrations
were very low and only very few samples exceeded the detection limit, it is not clear if this
increase of particle size is really significant. As already discussed with regard to the glass
beads, the decrease of the AgNP size during transport through the soil matrix can be explained
by the size selective filtration of the AgNPs and moreover, homoaggregation processes can be
excluded. As was proposed in the dual deposition model by Tufenkji & Elimelech (2004a),
there are two different deposition mechanisms, ”fast” deposition in the secondary minimum and
”slow” deposition in the primary minimum. According to Tufenkji & Elimelech (2004a), the fast
deposition is increased for larger particles, which have according to the DLVO theory a deeper
secondary energy well. This mechanism might explain the decrease in particle size during the
fast experiments, because the larger particles were preferably deposited at sites where secondary
energy minima occurred. In order to proof this hypothesis, the reversibility of the attachment
would have to be examined. Deposition in the primary minimum, e.g. at sites with a favorable
DLVO potential, is generally transport limited and it occurs independent of particle size (Tufenkji
& Elimelech, 2004a). As indicated by the Peclet numbers (table 5.3), the dominance of diffusion,
which is the prevailing filtration mechanism for particles < 1 µm, is increasing with decreasing
flow velocity. Hence, with decreasing flow velocity the particle diameters in the column effluent
are becoming more uniform due to increasing attachment in the primary minimum.
It can be summarized that while the mobility of AgNPs in loamy sand is relatively high at
medium to high flow velocities between 0.037 cm min-1 and 0.197 cm min-1, deposition of AgNPs
prevails at a lower flow velocity of 0.003 cm min-1. One major mechanism is the time dependent
filling of attachment sites leading to an increasing transport of AgNPs as attachment sites are
blocked. The increased attachment and maximum solid phase concentration at the low flow
velocity indicate that the hydrodynamic conditions are crucial for the availability of attachment
sites. The observed effect is underlined by the alteration of the AgNP diameters in the column
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effluent, which indicates fast, selective deposition of larger AgNPs at the higher flow rate, pre-
sumably in the secondary energy minimum, and slow, size unselective deposition of AgNPs in
the primary minimum at slow flow rates. The occurrence of hyperexponential retention profiles
can be explained by a higher mass transfer rate of AgNPs to the collector surfaces due to the
hydrodynamic conditions at the column inlet (Bradford et al., 2011), but the relevance of this
effect under environmental conditions, for instance when considering an aquifer as infinite, is
not clear.
5.2.2 Effect of ionic strength and ion valence
In order to examine the effect of the chemical composition of the soil solution on the transport
and retention behavior of AgNPs in loamy sand, experiments No. KDK-01, KDK-10, KDK-
11, KDK-12, KDK-13 and KDK-15 were conducted with varying IS and cation species in the
background solution. Different concentrations of the monovalent cation Na+ and the divalent
cation Ca2+ were applied in the transport experiments, as well as DI water to account for ion
free soil solution, which can occur for instance after rainfall events. The IS of the background
solutions was varied between 1 mM and 50 mM for both cation species. For the DI water an
IS of 0.01 mM was determined by measurement of the electrical conductivity. All experiments
were conducted at flow velocities between 0.183 cm min-1 and 0.197 cm min-1. The boundary
conditions of the different experiments and the corresponding rates of AgNP recovery in the
column effluent are given in table 5.3. Data on the retention of AgNPs in the columns is
not available. While the experiment with DI water as background solution (KDK-15) yielded a
recovery of 100.07 % of AgNPs in the effluent, 85.54 % were recovered in the effluent when 10 mM
NaNO3 were added to the background solution (KDK-01), less than 5% were recovered when
50 mM NaNO3 (KDK-10) or 1 mM Ca(NO3)2 (KDK-11) were added to the background solution
and no breakthrough was measured with 10 mM and 50 mM Ca(NO3)2 (KDK-12, KDK-13).
Figure 5.13 A and B show the measured and modeled BTCs of AgNPs in loamy sand of the
experiments, where a breakthrough occurred. Figure 5.13 C shows the relative mean diameters
of AgNPs in the effluent samples plotted against the normalized pore volumes. The transport
behavior of AgNPs in loamy sand was conservative when DI water was used as background
solution (KDK-15). In fact, the breakthrough of the AgNPs occurred even earlier than the
breakthrough of the conservative tracer (NaCl). Early breakthrough behavior of AgNPs in soils
has been described by Sagee et al. (2012) and Cornelis et al. (2013). It can be explained by size
and/or charge exclusion effects (Sagee et al., 2012; Bradford et al., 2006). Such effects occur when
particles cannot enter small pores or approach the pore edges due to their size or due to repulsive
forces. The flow velocity in soil pores is believed to be distributed parabolically with high flow
velocities in the pore center and very low flow velocities or no flow at all at the pore edges
or grain surfaces. So when size or charge exclusion effects occur, the transport is restricted to
fractions of the pore space with higher transport velocities. This enables the particles to travel at
faster velocities than for instance solutes that use the whole pore space and also smaller pores for
traveling (Bradford et al., 2006). So the size or charge exclusion effect reduces the hydrodynamic
dispersion of the substance. Another effect of this phenomenon is the decreased accessibility of
solid surfaces for attachment, impeding the deposition of particles (Bradford et al., 2006). It
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Figure 5.13: Effect of the ionic strength and cation valence on the transport of AgNPs in loamy sand at
flow velocities between 0.183 cm min-1 and 0.197 cm min-1. A: Observed and modeled breakthrough curves
of AgNPs and modeled breakthrough curve of NaCl tracer B: enlarged view of the BTCs of KDK-12 and
KDK-13. C: effluent mean particle diameters.
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can be concluded that the charge exclusion effect is the relevant process for experiment No.
KDK-15. On the one hand, the analysis of the particle diameters in the column effluent did not
indicate any increase of the particle size or homoaggregation during transport through the soil
(figure 5.13 C and figure 5.11), which allows the conclusions that the particle size of AgNPs was
not higher than in the other experiments, where the early breakthrough effect did not occur,
and that repulsive conditions prevailed because homoaggregation could be excluded. On the
other hand, at low IS conditions the electrostatic repulsion is expected to be highest. Moreover,
the early breakthrough effect did not occur during all other experiments where at least 10 mM
NaNO3 were present in the soil solution. The BTC of experiment No. KDK-15 was simply
modeled with an attachment-detachment model resulting in a very low attachment coefficient.
The modeled BTCs and RPs are given in figure 5.13 A, B and C and the fitted parameters
are listed in table 5.5. The figure indicates that the model was not able to capture the early
breakthrough behavior.
In experiment No. KDK-01, 10 mM NaNO3 were added to the soil solution and the breakthrough
of AgNPs in the loamy sand was reduced to 85.54 %. Moreover, the BTC had an asymmetrical
shape with a slow increase of the breakthrough concentration, indicating the time dependent
retention effect, where attachment is decreasing as attachment sites are filling up with time
(experiment No. KDK-01 in figure 5.13 A, note that the data was already discussed above and
shown in figure 5.7). At higher concentrations of Na+ (50 mM NaNO3, experiment No. KDK-
10) or in the presence of the divalent cation Ca2+ (1 mM Ca(NO3)2 experiment No. KDK-
11), the breakthrough of AgNPs was strongly limited and it occurred delayed compared to
conservative transport, with a recovery in the effluent of 2.15 % and 3.95 %, respectively. Again,
the asymmetrical shape of the BTCs with the late breakthrough indicates the time dependent
retention behavior of the AgNPs under the higher IS/valence conditions. Since no data on the
retention of the AgNPs was available, the BTCs were only fitted with the TDR model (figure
5.13 A and B, table 5.5).
There was no breakthrough of AgNPs at higher concentrations of Ca+ (KDK-12, KDK-13). This
shows that under the investigated conditions the presence of the monovalent cation Na+ inhibits
AgNP transport at higher concentrations, while the presence of the divalent cation Ca2+ already
affects AgNP transport at concentrations as low as 1 mM. The fitted values for the attachment
coefficient ka and relative maximum solid phase concentration Smax/C0 increase with increasing
IS or valence of the cation species (table 5.5). This is consistent with DLVO/filtration theory,
which predicts an increasing number of favorable attachment sites at increasing IS or ion valence,
resulting in a higher attachment rate.
The increasing availability of favorable attachment sites at high IS is usually explained with
changes in the DLVO interaction potential between particles and collectors through compres-
sion of the electrostatic double layer (Tufenkji & Elimelech, 2005; Bradford et al., 2006), which
can affect the particle surfaces as well as the collector surfaces. The more pronounced effect
for the divalent cation Ca+ is explained by the Schulze-Hardy rule, which states that the com-
pression of the electrostatic double layer is increasing with increasing valence of the electrolyte
(Lyklema, 2005). The strong compression of the electrostatical double layer would not only
lead to increased deposition, but also to homoaggregation of the AgNPs, which was not ob-
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served in the column effluent, where the particle diameters were slightly decreased compared
to the input samples (figure 5.13 C). Moreover, the preliminary experiment demonstrated the
high stability of the AgNP suspension even at very high IS conditions with mono- and divalent
cations. This is due to the the surfactant stabilization, which inhibits the homoaggregation of
the AgNPs. However, the compression of the EDL of the soil surfaces is probably sufficient to
increase the deposition of the stabilized AgNPs. Liang et al. (2013a), who observed a similar
behavior for AgNPs in the same soil, provided another explanation. They suggested bridging
complexation between the functionalized nanoparticles and the soil grains as mechanism to ex-
plain the more pronounced effect of the divalent cation. According to Torkzaban et al. (2012),
bridging complexation occurs as functional groups at nanoparticle surfaces bind to multivalent
cations that in turn strongly bind to negatively charged sites, for instance on clay surfaces. This
theory would explain the enhanced deposition of the AgNPs to the soil surfaces under higher
IS/valence conditions, where the surfactant stabilized AgNPs themselves are stable. However,
further experimental or analytical evidence would be necessary to verify this theory.
With regard to the chemical composition of the soil solution in general, the higher mobility of
AgNPs in the loamy sand soil compared to the glass beads, especially under low IS conditions, can
for instance be explained by more distinct repulsive conditions in the natural soil. Moreover,
secondary effects might occur, like the stabilization or destabilization of the AgNPs or the
alteration of their affinity for the solid phase surfaces by NOM present in the soil. It is known
that NOM may have a stabilizing effect on nanoparticles in terms of aggregation (Domingos
et al., 2009), but also a destabilizing effect (Huynh & Chen, 2011), depending on the type of
NOM and the surrounding pH and IS conditions. In recent studies it has also been examined
how NOM, like humic and fulvic acids, may alter the affinity for deposition to solid surfaces
(Furman et al., 2013; Yang et al., 2014). It was found that a reduction of homoaggregation does
not necessarily imply reduced heteroaggregation with solid surfaces. The interactions between
nanoparticles and NOM is thus relatively complex and because no further information on types
of NOM present in the silty loam is available, it can only be hypothesized that eventually NOM
plays a role regarding the enhanced transport of AgNPs in the loamy sand.
5.2.3 Analysis of deposited AgNPs
In order to examine the structure of AgNPs attached to the soil surfaces, SEM analyses were
carried out with samples from the columns of experiment No. KDK-03 and KDK-07. EDX
analysis was performed to prove the presence of Ag. Figure 5.14 and figure 5.15 show SEM
images and EDX spectra for experiment KDK-03 and KDK-07, respectively, where Ag was
verified. Figure 5.14 A shows a larger extend of a grain from the loamy sand soil, where the
location where Ag was verified with EDX is indicated. The corresponding area is enlarged in
5.14 B and C. It can be recognized that Ag was found associated with areas of higher surface
roughness, which could be due to several reasons. On the one hand, for collector surfaces
with a high degree of roughness, deviations in the DLVO interaction potential can be expected
(Elimelech & O’Melia, 1990). It is possible that these sites therefore represent sites favorable
for attachment of AgNPs due to decreased repulsive surface forces. On the other hand, these
areas of higher surface roughness possibly consist of smaller grains that are also attached to the
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Figure 5.14: Scanning electron micrograph of the loamy sand and deposited AgNPs from experiment
KDK-03, with approximately 15 % of AgNPs were deposited. A: 500-fold magnification, B: 5000-fold
magnification, C: 20000-fold magnification. D and E: energy dispersive X-ray spectrograms at locations
indicated in C.
collector surface. With EDX analysis, the presence of the elements Si, O, Al, Na, Mg, Ti and
Fe was detected (figure 5.14 D and E). As already pointed out in chapter 4.3.1, these elements
are components of clay minerals, such as kaolinite (Al4[(OH)8/Si4O10]) and montmorillonite
((Al, Mg, Fe)2[(OH)2/(Si,Al)4O10]Na0.33(H2O)4) or metal oxides/hydroxides (Fe, O) (Okrusch
& Matthes, 2005), which might possibly provide favorable attachment sites for AgNPs. Basically,
the same observations can be made in figure 5.15. Figure 5.15 B shows the enlarged view of
one location on the grain shown in figure 5.15 A, which could unfortunately not be located
anymore after the analysis. The EDX spectra (figure 5.15 C and D) show that here Ag was
also associated to the presence of Si, O, Al and Fe, which are typical elements composing clay
minerals and oxides/hydroxides. Moreover, figure 5.15 B shows a relatively clear view on the
shape of the attached AgNPs (white substance). It can be recognized that they did not keep
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Figure 5.15: Scanning electron micrograph of the loamy sand and deposited AgNPs from experiment
KDK-07, with approximately 85 % of AgNPs deposited. A: 500-fold magnification, B: 20000-fold magni-
fication, C and D: energy dispersive X-ray spectrograms at locations indicated in B.
their original shape. It seems that the AgNPs have formed larger agglomerates or aggregates
and no primary particles can be differentiated anymore. Other researchers have found AgNPs to
be associated to clay minerals such as kaolinite and montmorillonite that were assumed to have
positive surface charges at their edges (Cornelis et al., 2012, 2013), to soil colloids containing
Fe, Al and Si (Liang et al., 2013a) or to iron oxides/hydroxides (Neukum et al., 2014b). This
affinity of AgNPs for clay minerals and oxides/hydroxides provides us not only information about
possible favorable attachment sites in natural soils, it is also interesting regarding the secondary
transport of AgNPs bound to mobile soil colloids. Liang et al. (2013a) observed for instance
the colloid facilitated transport of AgNPs in the Kaldenkirchen silty loam when the chemical
composition of the soil solution was changed and the exchange of cations lead to the release of
colloidal particles from the soil.
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5.3 AgNPs in silty loam
It was relatively challenging to conduct transport experiments in the silty loam soil. Due to the
fine-grained soil structure and the low hydraulic conductivity, the soil could only be streamed
through at very low flow velocities to prevent the generation of excessive pressure, which would
produce leakage of the tubing connections. This limitation already restricted the possible varia-
tions of the experimental boundary conditions. Moreover, preliminary tracer experiments with
NaCl failed, because part of the soil material was mobilized by the salt and flushed out of the col-
umn, forming preferential flow pathways. Two experiments were directly conducted with AgNP
suspensions, without the preliminary performance of tracer experiment or subsequent analysis of
the soil material, one with DI water and one with 10 mM NaNO3 as background solutions. Here
no breakthrough of AgNPs occurred (data not shown). It was possible to perform a successful
hydraulic characterization for one silty loam column with a tracer consisting of a low concen-
tration of NaNO3 and thus an AgNP transport experiment under defined conditions could be
conducted (MZH-01). The experimental boundary conditions are given in table 5.6.
The flow velocity of this experiment was 0.0015 cm min-1 and no breakthrough of AgNPs oc-
curred. The measured RP was strongly hyperexponential (figure 5.17). Due to the low flow
velocity and the smaller mean particle diameter of the soil, the Peclet number for this ex-
periment was relatively small with a value of 0.9 (table 5.6), which indicates diffusion as the
dominating transport mechanism. This might similarly to the low flow velocity experiment in
loamy sand (No. KDK-09) explain the increased deposition of AgNPs. However, in the loamy
sand the deposited AgNPs were more or less exponentially distributed over the whole column,
while they were not transported beyond two centimeters and distributed hyperexponentially in
the silty loam. Figure 5.16 shows a photograph of the column inlet, where the distribution of
deposited AgNPs, indicated by the dark color, can be recognized. Different hypotheses can be
considered to interpret the observed high deposition of AgNPs in silty loam, which are related to
grain size effects, mineralogical composition of the soil or long-term stability of AgNPs and/or
stabilization. An increased mass transfer rate to the collector surface with decreasing grain
size is predicted by filtration theory (Yao et al., 1971). This is related to an increase in the
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Figure 5.16: Photograph of the silty loam column after the transport experiment MZH-01 at a velocity
of 0.0015 cm min-1 with 10 mM NaNO3 as background solution.
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Table 5.6: Experimental conditions and mass balances of the transport experiment carried out in silty
loam.
No. C0 AgNP input dP IS Ion q Meffluent Msoil Mtotal NPe
mg ml-1 mg nm mM cm min-1 % % % -
MZH-01 0.053 5.479 58.8 10 Na+ 0.001 0.00 71.80 71.80 0.9
specific surface area. The formation of hyperexponential RPs is according to Bradford et al.
(2011) increasing with decreasing grain size, which would explain the hyperexponential distri-
bution compared to the exponential distribution of AgNPs in the loamy sand under comparable
experimental conditions. Furthermore, mechanical straining effects can be enhanced due to the
expected decreased pore size for a fine-grained soil. The dp/d50 threshold above which straining
according to Bradford et al. (2002) occurs is exceeded for AgNPs in the silty loam (0.00224,
threshold is 0.0017) and thus mechanical straining can also be the reason for the increased de-
position of AgNPs. Moreover, the mineralogical composition of the silty loam is expected to be
more complex than that of the loamy sand, with an increased occurrence of clay minerals and
oxides/hydroxides that eventually provide favorable attachment sites.
The measured RP of the experiment in silty loam was used as input data for the mathematical
modeling with HYDRUS-1D. With all models a coefficient of determination between 0.99 and 1
could be obtained. Figure 5.17 shows the measured and modeled relative solid phase concentra-
tions plotted against transport distance in silty loam. For comparison with the other experiments
in GB and loamy sand, the modeling results for the TDR model are given in table 5.7. The
modeled attachment rate ka was higher than in the comparable low flow velocity experiment in
loamy sand (KDK-09), although the flow rate was even less. Moreover, as could be expected,
also the maximum solid phase concentration Smax/C0 was higher in the silty loam than in the
loamy sand, indicating a higher availability of attachment sites.
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Figure 5.17: Modeled and observed retention profile of AgNPs in silty loam at a velocity of
0.0015 cm min-1 with 10 mM NaNO3 as background solution (MZH-01).
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Table 5.7: Transport parameters modeled for the experimental RP in silty loam using the time dependent
retention function.
ka ka SE Smax/C0 Smax/C0 SE R2
s-1 s-1 m3 g-1 m3 g-1
MZH-01 1.23E-03 1.23E-06 1.65E-05 5.70E-09 1.00000
To summarize the findings regarding the transport and deposition of AgNPs in silty loam, it
can be noted that a high deposition occurred in the silty loam soil, which might be due to
several reasons, such as mechanical straining in the fine pores, the predominance of diffusion as
mass transfer mechanism at the low flow rate and the increased occurrence of attachment sites
due to the higher specific surface area of the fine grained soil and/or the complex mineralogical
composition with presence of charged sites of clay minerals and oxides/hydroxides.
5.4 Approximation of transport parameters with classical filtration
theory
In order to assess the ability of the classical filtration theory to describe the transport and
deposition behavior of AgNPs in porous media, the collision efficiency η0 (-) and the attachment
efficiency α (-) were approximated based on the experimental data. As was already described in
chapter 3.6.2, the collision efficiency η0 was calculated using the correlation equations proposed
by Tufenkji & Elimelech (2004b). The attachment efficiency α was calculated with the help
of the experimental BTCs. From α the attachment rate ka (T-1) and the maximum transport
distance Lmax (L) were derived. The results of these calculations are presented in table 5.8.
For comparison, the table also includes the values for the attachment rate ka that were modeled
with the TDR or AD model in HYDRUS. The modeled values were also used for calculating α
and Lmax. As already pointed out, α = 1 represents a system that is completely destabilized
and favorable for attachment, while α = 0 represents a completely stable system with prevailing
repulsion, which is unfavorable for attachment. In the following the results will be discussed
with the help of figures 5.18 and 5.19.
Figure 5.18 shows the calculated α plotted against the IS of NaNO3, Ca(NO3)2 and DI water,
representing stability curves for AgNPs in porous media at different electrolyte concentrations.
Stability curves of various nanoparticles, such as fullerenes and carbon nanotubes, are for in-
stance presented in Petosa et al. (2010). The curves show how the stability of the AgNPs is
decreasing with increasing IS. Moreover, the stability curve of AgNPs with Ca(NO3)2 is left of
the NaNO3 curve, indicating the higher sensitivity of AgNPs towards the divalent cation Ca2+
than to the monovalent cation Na+.
In figure 5.19 the values for α calculated according to the classical filtration theory are plotted
against α calculated with the modeled ka. In this plot, data points falling on the dotted line would
indicate a perfect agreement between the values calculated with classical filtration theory and
the values determined with mathematical modeling. This is the case for the experiment with DI
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Table 5.8: Results of the approximations of AgNP transport after the classical filtration theory.
No. eta0 α k Lmax ka HYDRUS α HYDRUS Lmax HYDRUS
- - s-1 m s-1 - m
GB-01 0.088 3.47E-04 1.95E-06 66.93 9.96E-04 1.77E-01 0.13
GB-02 0.076 1.68E-03 8.83E-06 16.08 1.80E-03 3.44E-01 0.08
GB-03 0.078 5.52E-04 3.12E-06 46.28 1.12E-03 1.99E-01 0.13
GB-04 0.351 2.64E-04 9.95E-07 21.20 3.53E-04 9.35E-02 0.06
GB-05 0.283 1.44E-03 6.01E-06 4.60 5.48E-04 1.31E-01 0.05
GB-06 0.242 9.12E-04 3.86E-06 8.95 4.20E-04 9.92E-02 0.08
KDK-01 0.146 9.32E-05 2.41E-06 62.86 1.18E-04 4.57E-03 1.28
KDK-02 0.155 1.81E-04 5.86E-06 25.42 9.98E-05 3.08E-03 1.49
KDK-03 0.160 5.94E-04 2.00E-05 7.56 1.71E-04 5.09E-03 0.88
KDK-04 0.552 4.94E-05 1.17E-06 24.53 1.20E-05 5.05E-04 2.40
KDK-05 0.497 9.06E-05 1.75E-06 16.44 1.59E-05 8.24E-04 1.81
KDK-06 0.456 2.74E-04 6.03E-06 5.45 2.75E-05 1.25E-03 1.19
KDK-09 2.516 1.04E-03 8.91E-06 0.28 5.70E-05 6.63E-03 0.04
KDK-10 0.149 1.84E-02 5.18E-04 0.28 3.05E-03 1.08E-01 0.05
KDK-11 0.152 2.11E-02 5.96E-04 0.24 2.26E-03 8.03E-02 0.06
KDK-15 0.177 4.91E-05 1.83E-06 77.74 2.48E-06 6.65E-05 57.35
MZH-01 9.418 no BT - - 1.23E-03 2.92E-02 0.00092
water, where conservative transport of AgNPs occurred. For all other experiments the values for
α determined with mathematical modeling are deviating from those calculated according to the
filtration theory. In general, the modeled values of α and ka are around one order of magnitude
higher than the calculated values. In the mathematical modeling, the increased attachment rate
in the beginning of the experiments, which is decreasing when the attachment sites are filling
up and manifests in the BTC with increasing transport, can be reproduced. Or in other words,
the mathematical model is able to reproduce the time dependent variability of attachment. The
calculations with the classical filtration theory only consider the plateau concentration of the
BTC and hence, only a static reproduction of the transport and attachment processes is possible.
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Figure 5.18: Experimental stability curves of AgNPs with attachment efficiency α as a function of the
electrolyte composition.
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Figure 5.19: Comparison of α determined from the experimental BTCs with mathematical modeling
(alpha HYDRUS) and after classical filtration theory (alpha BTC).
The overestimation of the AgNP transport by the classical filtration theory is underlined by the
calculated maximum transport distances, which are much larger than the values based on the
modeled attachment rate. This result demonstrates the limitations of the classical filtration
theory to describe transport and deposition processes of engineered nanoparticles as soon as
they deviate from conservative transport.
The approximated transport lengths reached from 24 cm in the presence of the divalent cation
Ca2+ up to 77.74 m at conservative transport conditions (DI water) according to the filtration
theory approximation. With the modeled values the transport lengths vary from 0.092 cm in the
silty loam over a minimum length in the loamy sand of 4 cm at the low flow velocity up to 57.35 m
at conservative transport conditions. The results indicate the high variability of AgNP mobility
in natural systems. They further show that under optimal transport conditions transport lengths
are achieved that can become relevant in terms of drinking water contamination.
6
Conclusions and Outlook
The methodology that was implemented for this research proved to have strengths and weak-
nesses. Generally, it was shown that the approach of coupling transport experiments with the
comprehensive characterization of the chemical and physical properties of engineered nanoparti-
cles provides valuable information that can enhance the interpretation of the experimental data.
FlFFF turned out to be a powerful tool for this task. The main disadvantage of this technique
is the effort that has to be put into its development. The method cannot easily be adapted
for any kind of material, which was demonstrated by the failure of measuring TiO2NPs. An-
other drawback of the methodology used in this research is that the quantitative detection of
AgNPs in the column effluents and in the porous media were conducted with different analyt-
ical techniques, which were calibrated using different standards. This points out a major issue
that scientists in nanoparticle EHS research are facing, which is the lack of suitable standard
materials. In future research it would be useful to carry out comparative measurements of the
same standard samples, in order to be able to quantify the bias between the concentrations
determined with different techniques. The SEM analysis of AgNPs attached to soil grains has
provided further information on the deposition behavior and thus the approach of using multiple
analytical methods for the characterization of the investigated nanoparticles has proven to make
sense and should be extended for future research.
The most important results of this research regarding the assessment of the risk of engineered
nanoparticles in the environment are that the transport behavior of the investigated surfactant
stabilized product AgPURE-W10/NM-300 Silver in natural porous media deviates from the
classical filtration theory and that it can be mobile in natural porous media under certain
conditions. These are for instance low IS conditions, flow velocities in the upper range of typical
groundwater velocities or relatively coarsely grained size distributions of the soil. Conservative
transport of the AgNPs occurred in a loamy sand with DI water as background solution. A
scenario with a soil solution free of ions is for instance possible after heavy rainfall events.
Moreover, even at moderate concentrations of monovalent cations the AgNPs were relatively
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mobile in coarsely grained porous media with only limited attachment of the nanoparticles to
the porous media surfaces. The transport of AgNPs was then again strongly restricted at low flow
velocities, higher IS conditions, in the presence of divalent cations and in a finely grained silty
loam soil. Another important finding was that no homoaggregation of the surfactant stabilized
AgNPs was detected in the soil effluent. Finally, it is important to keep in mind that these
conclusions were generated in small scaled laboratory experiments under relatively well-defined
conditions. The question, whether the findings can be transferred to real-world scales has to be
answered in future research in the field scale.
When considering risk scenarios, which implies the exposure of humans to engineered nanopar-
ticles, possible pathways in the groundwater to drinking water wells have to be identified. These
are for instance shallow aquifers that are used for drinking water production, where nanoparticles
may be introduced due to the application of contaminated sewage sludge and agents containing
nanoparticles in agriculture, through leakages in the sewer system, atmospheric fall-out with
rainfall or accidents, where nanoparticles are spilled. Also, the usage of bank filtrate, where
potentially contaminated surface waters are filtrated through soils, is a possible pathway of en-
gineered nanoparticles to drinking water wells. The soils used for drinking water production are
often composed of rather coarsely grained, permeable materials. Thus, the findings obtained
from the coarsely grained loamy sand will more likely be significant for a risk assessment than
those from the finely grained and rather impermeable silty loam. In the regard of drinking water
safety, it would be more useful to focus future research on materials that are actually relevant
for drinking water production.
Then again the investigated AgNPs have shown to be less mobile in finely grained silty loam
soil. This information is relevant for agricultural sites with rather finely grained soils. Here
the nanoparticles will most likely remain within the upper horizons of the soil, where they are
available for uptake by plants and soil organisms. Long term studies regarding the persistence
of nanoparticles and their toxic effects in soils are required to be able to quantify the risk of
such a scenario. A first study by Schlich et al. (2013) with AgPURE already demonstrated that
the AgNPs have toxic effects on soil microorganisms although they were incorporated in sewage
sludge and transformed.
Another aspect that did not receive much attention in previous research, is the colloid facilitated
transport of nanoparticles. It has been shown by Liang et al. (2013a) for the Kaldenkirchen
loamy sand and by Neukum et al. (2014b) for a fractured sandstone, that a potential for the
mobilization of the investigated AgNPs attached to colloids from the soil/rock matrix exists.
In this research it has also been shown with SEM analysis that the AgNPs were attaching to
regions at the grain surfaces with higher surface roughness and the elementary composition
of clay minerals and oxides/hydroxides, which might have the potential for colloid facilitated
transport.
Finally it can be stated that while in this work some questions were answered, many new
questions came up. The investigation of the transport behavior of engineered nanoparticles in
porous media is still fundamental research and more effort has to be put into this research in
the future to be able to assess the risk of engineered nanoparticles to drinking water resources
in the subsurface and to soil ecosystems.
7
Summary
The increasing production and application of engineered nanoparticles are raising concerns re-
garding their release and mobility in the environment. Recent studies showed possible toxic
effects of engineered nanoparticles to ecosystems and humans, but still the processes control-
ling their transport and transfer in the environment are only poorly understood. In order to
assess a possible exposure of humans through drinking water, potential pathways of engineered
nanoparticles in the groundwater have to be investigated. The transport of particles differs from
that of dissolved contaminants. The major processes of particle transport in water saturated
porous media are believed to be transport in the water phase, mechanical straining of the parti-
cles in small pores or attachment to the surfaces of soil grains. The latter process is controlled
by physicochemical interactions between the surfaces of particles and soil grains, which are de-
pending on several factors, such as particle size, surface charge, chemical composition of the
surrounding medium and hydrodynamics. The agglomeration of the particles with each other
due to physicochemical interactions is another important process that can alter the transport
behavior of particles in porous media.
The existing research examining the transport of engineered nanoparticles in porous media has
several shortcomings. Many studies lack a comprehensive characterization of the investigated
nanoparticles regarding the physicochemical properties that are crucial for understanding the
transport and transformation processes. Moreover, most studies were conducted in artifical
porous media, such as glass beads or quartz sand that are of minor relevance regarding contam-
inant transport in real-world scenarios. The major objectives of this study were to investigate
the transport processes of surfactant stabilized silver nanoparticles (AgNPs) not only in artifi-
cial porous media, but also in natural soil. Additionally, flow field-flow fractionation (FlFFF)
was to be implemented as a technique for the characterization of engineered nanoparticles in
environmental samples.
FlFFF is a separation technique that can be used to reduce the sample complexity and perform
a quantitative and qualitative analysis of the nanoparticles. It was implemented in the frame
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of this study with a comprehensive method optimization process for two examples of the most
commonly used nanoparticle types, AgNPs (AgPURE-W10/NM-300 Silver) and titanium diox-
ide nanoparticles (TiO2NPs) (AEROXIDE® TiO2 P25). While the technique turned out to
be promising for determining the particle size distribution and concentration of AgNPs and for
separating AgNPs from natural soil colloids, the quantitative detection failed for TiO2NPs. It
was not possible to recover satisfying amounts of TiO2 in the detectors coupled to the separation
unit, which was possibly due to interactions of the TiO2NPs with the membrane inside of the
separation unit and the formation of sample artifacts, particularly the formation of mycelles of
the surfactants used in the carrier liquid.
The transport and deposition behavior of the surfactant stabilized AgPURE-W10/NM-300 Silver
nanoparticles under varied hydrodynamic and chemical conditions was investigated in column
experiments with glass beads and two natural soils from agricultural sites in Germany, a loamy
sand and a silty loam. FlFFF was used to detect the concentration and the particle size distri-
bution of AgNPs in the column effluent and the column material was analyzed with inductively
coupled plasma optical emission spectrometry (ICP-OES) for deposited silver for some selected
experiments. The resulting break through curves (BTCs) and retention profiles (RPs) were then
mathematically modeled with the finite element algorithm HYDRUS-1D, which can be used to
fit the advection dispersion equation (ADE) to experimental data. Due to the surfactant stabi-
lization, repulsion between the negatively charged AgNPs was expected to be significant. Since
the global surface charge of the porous media was also assumed to be negative, the conditions
were considered to be rather unfavorable for an attachment of the AgNPs. However, especially
in the two natural soils it has to be taken into account that the composition of the porous media
is heterogeneous and the occurrence of local attachment sites had to be expected.
The transport of AgNPs in glass beads can be characterized by the time dependent blocking of
attachment sites leading to an increasing transport with time, which manifested in a delayed
breakthrough and a shallow increasing trend of the AgNP concentration in the column effluents
compared to the breakthrough of a conservative tracer. The observed nonmonotonic distribution
of deposited AgNPs in the columns is probably related to concurrent deposition of free surfactant
to the glass bead surfaces and/or remobilization of reversibly attached AgNPs. The analysis of
the column effluent with FlFFF showed a decreasing trend of the particle size after transport
through the glass bead matrix, which indicates that the deposition of AgNPs to the glass bead
surfaces was size-selective. In the literature the preferable attachment of larger particles is
described in association with reversible attachment in a shallow secondary minimum of the
interaction energy between particles and soil grain surfaces.
In loamy sand the effect of flow velocity, ionic strength (IS) and cation valence on the transport
of the AgNPs was examined. At a relatively high flow rate and in the absence of ions in the
soil solution conservative transport and even early breakthrough occurred, which was explained
by charge exclusion effects due to the surfactants, allowing the AgNPs to travel only in high
velocity regimes of the pore network. Also at moderate IS a relatively high mobility of AgNPs
with a time dependent increase of transport due to the blocking of attachment sites was observed.
At low flow velocity and in the presence of high concentrations of monovalent cations and low
concentrations of divalent cations the transport of AgNPs was strongly limited and deposition
107
was the dominating process. The increased deposition at the lower flow velocity can be explained
by the domination of diffusion, which is the most relevant filtration process for particles < 1 µm,
over advection at lower flow velocities, enhancing the mass transfer of nanoparticles to the soil
surfaces. The increased attachment at high IS conditions and in the presence of divalent cations
can be explained with the compression of the electrical double layer resulting in a decreasing
impact of repulsive forces. Here again, the measurements with FlFFF showed a decreasing trend
of particle size after passage through the soil, indicating size-selective deposition. The only
exception is the experiment conducted at the lowest flow velocity, where only limited transport
occurred. Here the particle size was rather increasing. The observation indicates that fast
attachment in the experiments at high flow velocities was size selective, while it was uniform in
the case of slow attachment in the experiment with low flow velocity. The occurrence of two
different deposition processes was emphasized by the distribution of the deposited AgNPs in the
soil columns, which was hyperexponential with transport distance at the higher flow velocities
and rather exponential at the low flow velocity. The analysis of the soil material with scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) showed additionally
that AgNPs were deposited to locations of higher surface roughness, which is probably related
to the occurrence of clay minerals and oxides/hydroxides.
Due to the low hydraulic conductivity of the silty loam, it was only possible to conduct an
experiment at very low flow velocity, where no breakthrough of AgNPs occurred. This can
be due to several reasons, such as the low flow velocity, mechanical straining because of the
finer pore size distribution, enhanced attachment due to the higher specific surface area of
the fine grained soil or an increased availability of attachment sites due to the mineralogical
composition. The examination of the retained AgNPs in the soil column revealed that the
AgNPs were hardly transported beyond 1 cm, showing a strongly hyperexponential distribution
of AgNPs with transport distance. This indicates that the processes responsible for the strong
retention in the low flow velocity experiment in the loamy sand must be of a different nature
than in the silty loam.
It can be concluded that the approach of combining transport experiments with the comprehen-
sive characterization of engineered nanoparticle, can provide useful insights into the processes
that occur during the transport of nanoparticles through porous media. Future experimental
studies examining the transport of engineered nanoparticles in the environment should aim at
the characterization of all parameters that are relevant for understanding transport and trans-
formation processes of the particles. Moreover, future studies should include natural porous
media relevant for drinking water production and investigate the potential for colloid facilitated
transport of engineered nanoparticles attached to soil colloids that can easily be mobilized.
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A
Appendix
A.1 Sample preparation
Table A.1: Calibration of Sonoplus HD 2200 sonicator.
Power level (%) M water (g) CP (J/g·K) dT/dt P (Watt)
10 500.36 4.187 0.0115 24.09
20 500.73 4.187 0.0147 30.82
30 499.91 4.187 0.0186 38.93
40 498.39 4.187 0.021 43.82
50 499.95 4.187 0.0239 50.03
60 499.57 4.187 0.0266 55.64
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Figure A.1: Normalized temperature rise of the sonicated liquid over time for the particular power levels
of the sonicator.
Figure A.2: Power P induced by sonicator at particular power levels.
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A.2 Technical column setup
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Figure A.3: Technical sketch of the column used for transport experiments (not to scale). All lengths
are given in mm.
130 A. Appendix
A.3 Porous media characterization
Figure A.4: Grain size distribution of Kaldenkirchen soil determined after DIN 18 123 (2011).
Figure A.5: Grain size distribution of Kaldenkirchen soil determined after DIN 18 123 (2011).
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Figure A.6: Grain size distribution of Kaldenkirchen soil determined after DIN 18 123 (2011).
A.4 Electrical conductivity determination
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Figure A.7: Calibration of the WTW Cond 3110 (WTW GmbH, Weilheim, Germany) for determining
the NaCl concentration from electrical conductivity measurements.
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